
Light-Matter interaction in complex metamaterials

Dissertation by

Marcella Bonifazi

In Fulfillment of the Requirements

For the Degree of

Doctor of Philosophy

King Abdullah University of Science and Technology

Thuwal, Kingdom of Saudi Arabia

April, 2019



2

EXAMINATION COMMITTEE PAGE

The thesis of Marcella Bonifazi is approved by the examination committee

Committee Chairperson: Andrea Fratalocchi

Committee Members: Prof. Boon S. Ooi, Prof Enzo M. Di Fabrizio, Jia Zhu



3

©April, 2019

Marcella Bonifazi

All Rights Reserved



4

ABSTRACT

Light-Matter interaction in complex metamaterials

Marcella Bonifazi

The possibility to manipulate electromagnetic radiation, as well as mechanical and

acoustic waves has been an engaging topic since the beginning of the 20th century.

Nowadays, thanks to the progress in technologies and the evolution of fabrication

processes, realizing artificial materials that are able to interact with the environment

in a desired fashion has become reality. The interest in micro/nanostructured meta-

materials involves different field of research, ranging from optics to biology, through

optoelectronics and photonics. Unfortunately, realizing experimentally these materi-

als became highly challenging, since the size of the nanostructures are shrinking and

the precision of the design became crucial for their effective operation. Disorder is, in

fact, an intrinsic characteristic of fabrication processes and harnessing it by turning

its unexpected effects in decisive advantages represents one of the ultimate frontiers

in research. In this work we combine ab-initio FDTD simulations, fabrication process

optimization and experimental results to show that, introducing disorder in meta-

materials could constitute a key opportunity to enable many interesting capabilities

otherwise locked. This could open up the way to novel applications in several fields,

from smart network materials for solar cells and photo-electrochemical devices to all

dielectric, highly-tunable structural colors.
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Introduction

Since the end of the 19th century scientists found fascinating the chance to manip-

ulate electromagnetic, mechanical and acoustic waves through artificial materials.

Starting from the first chiral structures discovered by Jagadish Chandra Bose in

1898 [1] a whole new field of research was opened and the possibility to engineer

materials in order to confer them new properties and behaviors grew into reality.

Metamaterials found diverse application in several areas of science, from electrical

engineering to optoelectronics and optics, from photonics to microwave and antennas

engineering [2, 3]. These artificial materials derive their peculiarities not from the

properties of the base material, but from their newly engineered design. Indeed, they

are often made from multiple elements or arrays of micro or nanostructures, fash-

ioned in a highly ordered configuration that can enable capabilities locked otherwise

[4, 5, 6, 7, 8, 9, 10, 11] Although the extraordinary progress in fabrication process

technologies, developing metamaterials design and realize them experimentally are

often very challenging tasks, since the size of the nanostructures is decreasing down

to a hundred of nanometer or less, and the arrangement of the structures on the sur-

face of the material became crucial to be able to unlock the desired characteristic[12].

Disorder is, in fact, an intrinsic factor of fabrication processes and the more fabri-

cated features downsize, the more significant its undesirable contribution becomes.

It affect the performance of devices and metamaterials, introducing unpredictable

effects that could not be easily handled nor avoided [13, 14, 15, 16]. In recent years,

researchers began looking to disorder and complexity in a completely different way.

Even though, sometimes, having defects in the fabricated structures still represents

a huge challenge to addressed, in several cases disorder represents a key-factor to



18

develop novel applications. If, on one hand, the introduction of disorder dramatically

increases the complexity of the investigated system, on the other hand it could enable

capabilities that are not straightforward to be implemented. Nature is pervaded by

disordered systems and gives us uncountable examples about how harnessing disorder

could offer a richer physical scenario, from the transparency of butterflies wings to the

vivid colors of tropical birds, through the ultra-bright exoskeletons of insects and the

adaptive camouflage of reptiles and octopuses [17, 18, 19]. As a results, great efforts

have been dedicate to the investigation on the effects that disorder could have on

physical systems at the micro and nanoscale, focusing on the possibility of harnessing

and controlling the degree of the complexity introduced in the materials [20, 21, 22].

One of the most important applications in this framework is designing complex meta-

materials that could unlock interesting applications in the field of energy harvesting

and photonics. It is well established that metamaterials designed as repeated arrays

of identical nanostructures or constituted by repeated thin layer of diverse compounds

could lead to a significant improvement of the performance of semiconductor-based

solar cells and photoelectrochemical devices (PEC) . Nevertheless, the increase in

efficiency of these devices are usually restricted to a portion of the solar spectrum,

thus limiting the the effective gain and the energy production [23, 24, 25, 26, 27]. In

disordered micro and nanostructured materials, complexity plays a fundamental role.

As a matter of fact, several fundamental units are present on the surface which differ

for size and shape, each of them able to introduce non linear and localization effects

at a different wavelength. Consequently, exploiting suitable disordered surfaces allow

us to engineer optical properties of materials, such as a particular refractive index

configuration. In this context, disordered Epsilon Near Zero metamaterials have been

rising significant interest since their characteristics could play a fundamental role in

a wide range of applications [28, 29, 30, 31]. Among them, energy harvesting field is

one of the most promising areas. Exploiting these novel materials could represent not
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only the most efficient way to engineer the desired optical properties of a device, but

also to extend the the improvement in the performances to the whole solar spectrum

as an effect of their complexity. In chapter 1 we introduce a suitable designed Ep-

silon Near Zero disordered metasurface for the purpose of solar energy harvesting in

ultra-thin solar cells. It is able to localize light at different wavelengths, resulting in a

broadband increase of the device’s efficiency. In addition, electromagnetic permittiv-

ity distribution on the surface is designed and realized in order to alternate extremely

low permittivity regions, to high refractive index areas. This configuration allow us

to slow down light, increasing the time radiation spend in the active medium and

significantly decreasing the thickness of the material needed to absorb the photons

down to 300 nm.

An additional example of the great importance complex metamaterials could gain

in the energy field is the application as complex photocatalysts and anti-reflecting

coatings in solar cells, photocatalytic and PEC devices. Direct photoexcitation of

metals has proven itself to be a promising approach to hydrogen generation since it

relies on a strong light-matter interaction which allows light to be coupled into plas-

monic resonances [32, 33]. Under appropriate conditions, photogenerated plasmons

can generate non-equilibrium energy-carriers which can be used to drive chemical re-

actions [34]. In chapter 2 we present an innovative, fractal epsilon-near-zero material

which efficiently generates hot carriers and stably produces hydrogen on large scale.

Anti-reflective coatings are made to enhance the absorption of the semiconductor

materials used to build the junction in order to enhance the overall performances.

Several different techniques and design has been implemented in last years [35], but

most of them impose the realization of complicated, ordered arrays of micro/nano

structures. As a consequence of these delicate, multi-steps fabrication processes most

of the technologies developed is not suitable for a cost-effective large scale production.
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Furthermore, following a precise design based on highly controlled, single scale sized

structures, their absorption performances are often wavelength limited. Introducing

disorder on different scales could help cut on the cost of fabrication, offering a valu-

able alternative based on wet chemical processes, that could be implemented easily on

the market and it is suitable for mass- production. In chapter 3 we discuss a strategy

to improve efficiency of PEC devices through the use of disordered metasurfaces, as

well as experimental results coming from the actual realization of the device.

Far from energy harvesting applications, disordered metamaterials could enable

numerous novel functionalities in fields such as structural colorations and micro/-

nanoprinting. In the miniaturization era we live in, the possibility to realize images

exploiting properties of sub-wavelength nanostructures constitutes a central topic in

research, finding applications in a broad range of fields, from printing elements for

electronic circuits [36, 37] to anti-counterfeiting purposes [38, 39], through color dis-

plays and sensor for CCD cameras [12]. The state of the art technologies reach a very

high resolution of 200 nm, usually exploiting plasmonic metasurfaces composed by

highly ordered arrays of metallic nanopillars. Unfortunately this technique is not re-

ally cost-effective, being based on very expansive materials such as gold, platinum or

silver [40, 41], thus not being a suitable candidate to large-scale production. On the

other hand, several approaches has been developer to use dielectric materials [42, 43],

but the palette of colors achieved is not complete, missing the red and black nuances.

Nature offered scientists a source of deep inspirations to overcome this limitations,

suggesting to introduce complexity in the nanostrctures, as it did in the feathers of

the tropical bird Cotinga Maynana. A three dimensional disordered network mate-

rial has been realized, which spontaneously show a change of colors by tuning the

thickness of a thin oxide layer deposited on top of it. Although this technique is

convenient for mass production it still presents some limitation in the color palette
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[44]. In chapter 4 we present a novel approach to structural coloration based on a

fully dielectric system which could reproduce the whole Cyan, Yellow, Magenta, Black

system with a resolution of 160 nm. The working principle is based on the complex

scattering dynamic that comes from the interaction of light with a three dimensional

disordered arrangement of dielectric nanostructures and the possibility to alter the

physical and chemical properties of a sensitive material with electrons. In addition,

the 3D approach gives us the chance to exploit a wider range of parameters to har-

ness the design and its complexity, enabling the chance to fine tune the colors we

reproduce.
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Chapter 1

Complex Epsilon-Near-Zero material and their application in

thin solar cells

Colloidal quantum dot (CQD) materials are used in a wide array of light harvesting

systems including photodetectors [45, 46, 47, 48], photovoltaics [49, 50, 51, 52, 53, 54]

and photojunction field effect transistor devices [55]. The attractive characteristics of

this material include low-cost of fabrication, low material utilisation and size-tuneable

optical bandgap. Combined, these features allow for control of the spectral response

over a wide range within a low-cost platform [56].

Further progress in this promising system is hampered by a compromise between

light absorption and charge carrier extraction: transport lengths today are limited

to ≈ 400 nm [56], but more than 1 µm of planar material is required to absorb all

impinging solar photons with wavelengths greater than 800 nm. Numerous strategies

have been implemented to address this issue: reducing the collection distance using

heterojunctions [57, 58, 59, 51]; and coupling light into active films using substrate

structuring techniques for increased absorption [60, 61]. Plasmonic nanostructures

have also been explored [62, 63, 64, 65]. However, most of the electromagnetic energy

is typically localised inside the metal and only a small portion reaches the CQD film

[66].

Each of these technologies typically enhances the absorption of the semiconductor

in a narrow spectral region. A major challenge is to conceive a material able to cap-

ture all incoming photons with energy above the bandgap of 1.1 eV, the prerequisite

bandgap to approach the 30% thermodynamic limit of efficiency for single junction
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solar cells [67]. If a medium with such broadband response can be engineered, it could

potentially open the realisation of new generations of photovoltaics devices.

Herein we propose a novel strategy that makes use of Epsilon-Near-Zero (ENZ)

electromagnetic materials. The study of these systems is of considerable interest due

to phenomena occurring when the refractive index of an optical medium reaches zero

[68, 28, 69]. When light propagates into an ENZ material, the phase velocity of

the wave diverges and the energy velocity tends to zero, implying the formation of

standing waves with infinite wavelength. An ENZ nanomaterial with a broad spec-

tral response could slow down electromagnetic waves on scales much smaller than the

charge diffusion length, thereby enabling the design of a new class of thin structures

for efficient energy harvesting.

From an experimental perspective, engineering ENZ materials at optical wave-

lengths is quite challenging. To date, significant advances have been reported for

specific frequency regions and light input conditions (angle of incidence and polari-

sation) [28, 69]; as yet, though, the fabrication of ENZ structures whose operating

wavelength spans the visible to the infrared has not been achieved.

In this work, we design a new class of ultra-broadband ENZ materials by exploit-

ing complex metallic structures. Pioneering investigations on complex optical systems

reported various counterintuitive phenomena such as broadband energy harvesting,

extreme light localisation, photon condensation and ultra-dark black-body materi-

als [21, 70, 71, 72, 73, 74, 75] . Here we illustrate the harnessing of these effects,

turning a nanoplasmonic material into a complex network of dielectric ENZ nanos-

tructures, connected by nanocavities with high dielectric permittivities. In previous

reports, plasmonic strategies for absorption enhancement have often led to localisa-

tion of light principally within the metal, making it difficult to extract energy in the

desired light-harvesting active semiconductor layer[62]. Our ENZ nanostructures, in

contrast, efficiently localise white light within 10−100 nm outside the metal, creating
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a material with a record of broadband EQE enhancement when combined with thin

absorptive films.
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Figure 1.1: Fabrication of broadband ENZ materials via electrodeposi-
tion of Au nanostructures. (a) Redox reaction illustrating the concepts behind
electrodeposition of nanostructured Au films. (b-d) Top view SEM images of nanos-
tructured Au electrodes prepared with an applied bias of 250 mV, an exposure time
of 10 minutes, and using HAuCl4 solution concentrations of (b) 13 mM; (c) 26 mM;
and (d) 40 mM.

1.1 Material design and characterisation

We used electrodeposition [76, 77, 78, 79] as a scalable fabrication process for

assembling complex ENZ materials. Figure 1.1a illustrates a schematic view of the

process. We used a 3-probe potentiostat in a gold-chloride (HAuCl4) solution, with

the reduction of gold (Au) atoms on the working electrode, which is itself coated with

a thin planar Au film (see Methods for more details). Figure 1.1b-d shows Scanning

Electron Microscopy (SEM) images of samples prepared with exposure times of t = 10

minutes, using HAuCl4 solution in different concentrations. Fabricated samples are
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characterised by strongly disordered nanostructures, whose characteristic size spans

multiple spatial scales with features varying in the range between 10 nm and 1-2

microns. Multi-scale disorder is controlled by varying the solution concentration of

HAuCl4 (Figure 1.1b-d).

To characterize the optical response of the complex metal of Figure 1.1, we re-

sort to the transformation approach developed in [75]. For the sake of simplicity and

without loss of generality, we here perform a two dimensional analysis, which has

the advantage to provide a clear physical description of the optical properties of the

sample. A three dimensional generalisation requires very involved mathematics and

is deferred to a future specialised work. Figure 3.2a shows a SEM cross section of a

nanostructured material, fabricated with a 26 mM solution concentration of HAuCl4,

and with a deposition time of 360 seconds. Figure 3.2b illustrates a 2D cross section

of the metallic surface along the plane (x, y). When light impinges on this struc-

ture, it excites surface plasmon polariton (SPP) waves [80], which propagate on the

metallic surface following its complex curvature (Figure. 3.2b inset). Since plasmon

waves move on the surface of the sample, it is a natural choice to describe this motion

on a reference system that is conformal to the metallic surface. An example of such

conformal grid is shown by the gray axes of Figure. 3.2b, which define a new set of

coordinates (u, v). In the transformed space (u, v), the motion of surface plasmons is

extremely simple and characterised by straight lines at v = 0 (Figure 3.2c, and inset).

In the coordinate space (u, v) the dynamics of light is described by the same set of

Maxwell Equations that model photon dynamics in the original (x, y) space, with the

addition of a new inhomogeneous material with dielectric permittivity ε(u, v). This

material takes into account the effects of the complex metallic surface of Figure 3.2b,

whose geometry disappears in the flat space of Figure 3.2c. The calculation of the

dielectric material ε(u, v) is performed with the standard arguments from transforma-

tion optics [81, 82]. The approach we developed to calculate ε(u, v) is general and can
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be applied to arbitrary initial geometries in the (x, y) space. With the introduction

of the transformed material ε(u, v), the two structures of Figure 3.2b-c —the complex

metallic geometry in air (Figure 3.2b) and the flat metallic plane immersed into the

inhomogeneous medium ε(u, v) (Figure 3.2c)— are exactly the same: light does not

experience any difference when propagating in one or another.
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Figure 1.2: Formation of broadband ENZ materials in complex nanoplas-
monic structures: theory. (a) SEM cross section of a nanostructured sample
obtained with a 26 mM concentration of HAuCl4 and t = 360 s deposition time. (b)
2D cross section profile of the metallic surface. When light impinges on the structure,
it excites the propagation of surface plasmon polariton waves (SPP), which move
along the complex surface of the metal (Panel b, inset). This motion is conveniently
described in a curvilinear grid (u, v), which conformally maps the metallic surface
(panel b, gray grid). In the transformed space (u, v) (panel c), SPP waves appear to
propagate inside an inhomogeneous material with dielectric permittivity ε(u, v), on
the line at v = 0 (c, inset).

The transformed medium of Figure 1.2c shows remarkable electromagnetic fea-

tures. The variation of geometric curvature in Figure 1.2b generates a complex net-

work of ENZ regions (Figure 1.2c blue area) whose dielectric constant attains very low
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values ≈ 10−3. ENZ regions are located outside the metal, in the semi-infinite plane

for v > 0, and are separated by nanoscale areas of high dielectric constant ε > 10

along the u axis. This is an exact result, as it is based on a transformation optics

approach that does not rely upon any approximations [81]. However, it is important

to observe that the presence of a metal is fundamental for light to become strongly

localised in the ENZ regions. If the metal is replaced by a different material that does

not sustain surface polariton waves, in fact, light energy would simply penetrate the

structure or get reflected, without experiencing any ENZ effect. We observe that the

structure of Figure 1.2a-b cannot be modelled in the quasi-static approximation [82],

as this approach leads to ε(u, v) = 0 all over the transformed space, neglecting the

essential contribution of ENZ regions.

As we observe in the figure, ENZ regions accumulate on the points of positive cur-

vature of the metal near each nanostructured peak, while regions of high dielectric

constant are created in the valleys of the metallic surface where the curvature changes

sign. As the generation of ENZ nanostructures is of geometrical origin, ENZ regions

are dispersionless and inherently insensitive to light input frequency.

1.2 Polychromatic light splitting in complex ENZ nanostruc-

tures

In the first series of experiments we characterised the optical response of the ENZ

material to broadband input light. Figure 1.3 a-c show the total absorption of the

ENZ nanostructures when combined with an ultra-thin (50 nm thick) colloidal quan-

tum dot film composed of 1.3 eV lead-sulfide colloidal quantum dots (see Methods).

They show a trend of increased absorption as a function of deposition time, in agree-

ment with our theory that predicts the formation of an ENZ network with broadband

absorption properties.

In order to quantitatively show that the absorption increase observed in our mea-
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surements is sustained by the ENZ network, we generated finite-difference time-

domain (FDTD) models by using the refractive index profile extracted from SEM

images of fabricated samples (Figure 1.2a). In our simulations, we investigated the

system response to different input wavelengths λ between λ = 450 nm to λ = 1100

nm. We solved a fully dispersive version of Maxwell equations with our parallel FDTD

code NANOCPP[21, 83]. In our simulations we considered the exact dispersion curve

of gold taken from available experimental results [84].
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Figure 1.3: Broadband absorption of nanostructured electrodes: FDTD
and experiments. Absorption profiles for 50 nm CQD films deposited on top of
nanostructured Au electrodes with different deposition times t and for diverse HAuCl4
concentrations: (a) 13 mM; (b) 26 mM; and (c) 40 mM. (d) compares the experi-
mental (solid lines) and FDTD calculated (dashed lines) absorption of planar and
nanostructured samples obtained with t = 360 s and 23 mM solution concentration
of HAuCl4. The FDTD analysis on nanostructured gold has been carried out on the
structure of Figure. 2b of the main text.
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Figure 1.3d (dashed lines) presents the results of this analysis, comparing theory

and experiments for planar and disordered samples. We observed a broadband ab-

sorption increase all over the visible region and near infrared when a network of ENZ

regions is formed. This comparison also demonstrates that the cross section structure

employed in Figure 1.3d is representative of the sample and can be therefore employed

to investigate the light matter interaction occurring in the material.

Figure 1.4a provides more details on the behaviour of ENZ nanostructures by

illustrating the spatial distribution of electromagnetic energy E , averaged over one

optical cycle, when the system response reaches steady-state. Figure 1.4a shows that

light is split into polychromatic resonant states localised in different spatial regions of

the metallic surface. Such complex light-matter interaction can be interpreted in the

transformed space (u, v), which is presented in Figure 1.4b. In order to create a refer-

ence for the ENZ dielectric response, we combined Figure 1.4b with Figure 1.4c, which

plots the corresponding inhomogeneous permittivity ε(u, v) of the ENZ material. By

comparing Figure 1.4b-c, we clearly observe that polychromatic energy trapping is

attained in each ENZ region. Once light impinges on the complex ENZ material,

electromagnetic energy oscillates inside each ENZ region, eventually accumulating in

the points of lowest refractive index. Each ENZ region acts as an effective cavity:

during each roundtrip towards the cavity edges, electromagnetic waves are slowed

down and light energy becomes progressively trapped in the points of minimum wave

velocity.

In order to illustrate this process, we carried out an additional series of FDTD

simulations by considering the elementary absorption unit of the system, which is

illustrated in the inset of Figure 1.2c and is composed of an ENZ region, sandwiched

between two high refractive index regions on the top of a gold metal planar structure.

The dielectric permittivity of the ENZ and the high-refractive index regions are set

to εr = 0.01 and εr = 7, respectively, and are considered dispersionless over the entire
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Figure 1.4: FDTD analysis of polychromatic light splitting in complex
ENZ nanostructures. (a) Electromagnetic energy distribution E , averaged over
one optical cycle at steady state, when the structure of Figure. 1.2b is illuminated by
monochromatic light at different frequencies λ = 450 nm, λ = 600 nm, λ = 700 nm.
To illustrate the effects of these excitations in a single plot, we used semitransparent
colour bars (panel a, right side) with shades of a given intensity of the excitation
wavelength. The metallic structure is illustrated as a solid dark yellow area. (b)
Energy distribution of panel (a) in the transformed space (u, v). (c) The distribution
of dielectric permittivity ε(u, v) of the inhomogeneous material defining the equivalent
complex ENZ response of the metal.

spectrum.

Figure 1.5 presents FDTD results on the absorption of ENZ structures with differ-

ent length L. The length L depends on the curvature of the metal in the original (x,y)

space: the smaller the curvature, the higher the ENZ length L in the transformed

space. FDTD calculated spectra show that the absorption of each absorption unit

of the system is not flat, with each ENZ layer localising broadband light differently

when the ENZ length is changed.
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Figure 1.5: Absorption of ENZ regions of different lengths: emergence of
a characteristic scale. Absorption of the basic block illustrated in Fig. 2c of the
main text and composed of a dispersionless ENZ region sandwiched between two high
refractive index regions on top of a gold metallic plane. The dispersionless dielectric
permittivity of ENZ and high refractive index regions is set to εr = 0 : 01 and εr = 7,
respectively. Panels a-d illustrate the absorption of ENZ structures with different
length L, showing radically different trapping behaviours for different L.

1.3 Enhanced broadband absorption in thin films

Figure 1.4a-b shows that ENZ regions that are sufficiently close to each other can in-

teract electromagnetically, allowing energy to extend well beyond the metallic surface

and create complex localised energy patterns on the 10− 100 nm scales. When a film

of absorptive material is placed in contact with these ENZ nanostructures, localised

energy patterns provide a broadband energy reservoir to the film, which can increase

its absorption over a wide spectral region. In the next analysis, we investigate this

process in mored details by using a combination of Atomic Force Microscopy (AFM)
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imaging, Photoconductive AFM (PC-AFM) and photoluminescence excitation exper-

iments (PLE).

Figure 1.6a-b presents AFM photocurrent images of two different zones of a nanos-

tructured sample with a CQD film thickness of 50 nm. The photocurrent enhancement

is measured by illuminating the sample with a laser of wavelength λ = 405 nm (see

Methods).
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Figure 1.6: Light trapping in ENZ nanostructures: AFM experimental
results. (a)-(b) Spatial distribution of the photocurrent enhancement (pseudocolor
plot) plotted over the surface profile (surface plot) of two different zones in a nanos-
tructured sample with 10 nm TIO2 and 50 nm CQD film deposited on top. Panels (c)
and (e) show characteristic current-voltage (I-V) response of a peak and valley region,
respectively. Panels (d) and (f) report the corresponding photocurrent obtained at
V = 0 and by periodically switching the input laser light at frequency of 1 Hz. The
input laser wavelength was λ = 405 nm.

To analyse the spatial position of absorption enhancement, we superimposed the

photocurrent enhancement over the the surface profile of the nanostructured metal
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(Figure 1.6a-b surface plot). To avoid the formation of electric shorts between the

AFM nano tip and the metal, we used a 10 nm layer of amorphous TiO2, deposited

on top of the metal by Atomic Layer Deposition (ALD). AFM measurements demon-

strated that a significant photocurrent enhancement is observed in the metallic peaks

of the nanostructures where the ENZ region are formed. This is further validated by

Figure 1.7, which superimposes the AFM retrieved photocurrent with the spatial dis-

tribution of ENZ regions, observing an excellent one to one correspondence between

peaks in the photocurrent (Figure 1.7a, maxima in the black solid line) and ENZ

regions (Figure 1.7a, minima in the dashed blue line).

Figure 1.8 presents a comparative analysis between a peak (panels a,c) and a

valley (panels b,d) of a sample composed of a nanostructured metal (t=180 s and

13 mM solution) with no CQD film. This analysis allows to isolate the ENZ effect

from the generation of hot electrons at the nanotip [85]. The characteristic current-

voltage (I-V) response of a peak (Figure 1.8a) and valley (Figure 1.8b) shows good

rectification between the AFM nano tip and the sample, with no response measured

at bias V=0. By setting the AFM bias to V=0, we measured the sample response

while the input laser was periodically switched on and off. This analysis showed that

the current increase at the peak and a valley is practically the same (Figure 1.8c-d),

demonstrating that the flux of hot electrons is practically negligible in the structure.

Figure 1.6 c-f provides further analysis on this process, repeating the experiments

of Figure 1.8 for the same nanostructured sample, but with a 50 nm CQD film. For

this case, we observed a significant current enhancement at the peak (Figure 1.6c,e)

if compared to the valley (Figure 1.6d,f). We complemented AFM measures with

transmission electron energy loss spectroscopy (EELS) obtained at 1.1 eV (λ = 1127

nm). The EELS provides a spatial map with nm resolution [86] of the electromagnetic

field distribution in our ENZ samples, further showing that electromagnetic radiation
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Figure 1.7: Correlation between ENZ regions and photocurrent enhance-
ment: theory vs AFM experiments. Panel (a) compares the distribution of AFM
measured photocurrent (solid black line) with the refractive index distribution of the
ENZ regions in the sample. This calculation is made by first extracting a section from
Figure. 1.6 of the main text and calculating the equivalent ENZ index representation
in the (u, v) space, which is presented in Panel (b). We then mapped the photocur-
rent from the original (x, y) coordinates to the ENZ space (u, v), and superimposed
the two distributions. This calculation shows a perfect one to one correspondence
between the occurrence of ENZ regions (minima of the refractive index) and peaks in
the photocurrent.

is strongly localised in the metallic peak (Figure 1.9).

The AFM+EELS experiments demonstrate that the small ENZ regions formed in

proximity of the nanostructured peaks are the mechanism for energy localisation and

increased absorption of the thin CQD film.

In the next series of experiments, we used PLE measurements to isolate the effects

of absorption enhancement in the quantum dot layer. For this characterisation, the
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Figure 1.8: Experimental AFM photocurrent measurements of nanostruc-
tured electrodes with no CQD deposited on top. Panels a-b report the current-
tension (I-V) response of a peak (a) and valley (b) region of a nanostructured sample
characterised by t = 180 s and 13 mM solution concentration of HAuCl4, with 10 nm
layer of TiO2 deposited on top. Panels (c)-(d) illustrate the photocurrent measured
at the AFM tip for V = 0 and by periodically switching on and of the input laser
light at the wavelength λ = 405 nm.

200 nm

Figure 1.9: Electron energy loss spectroscopy (EELS) of ENZ samples.
Spatial map of the transmission EELS on a disordered sample measured at 1.1 eV.
The metallic sample is the black area in the Figure.

sample is excited with a range of wavelengths (from 400 to 800 nm) while measuring

the relative intensity of the photoluminescence (PL) peak for the CQD film. Figure

4.2a compares the PLE signal for a 50 nm CQD film deposited on top of a nanostruc-
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tured Au electrode with varying levels of disorder. We normalised the PLE signal to

the PLE value at λ = 530nm, where the planar sample shows already almost 100%

absorption of incoming light. Figure 4.2a shows a shift of increased relative PLE in the

infrared, as a function of increased disorder in the sample. This is directly reflective of

the absorption trend in Figure 1.10, which shows increased infrared absorption when

the complex network of ENZ regions is formed. Figure 4.2b compares the absorption

enhancement of our ENZ sample versus CQD film thicknesses. To clearly illustrate

the broadband nature of the ENZ enhancement, we here normalised the PLE to the

PLE value measured at λ = 700 nm, where the nanostructured samples with 50 nm

CQD thickness exhibit the highest absorption increase. For a CQD film of 300 nm,
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Figure 1.10: Experimental absorption of nanostructured ENZ materials.
Absorption profiles for 50 nm CQD films deposited on top of nanostructured Au
electrodes with different deposition times t and for diverse HAuCl4 concentrations:
(a) 13 mM; (b) 26 mM; and (c) 40 mM.

which absorbs almost 100% of visible radiation for wavelengths below 500 nm in a

planar configuration, we observed a flat PLE response across the visible and infrared

spectrum. This shows that we have effectively enhanced the CQD film absorption

efficiency in the infrared to a level comparable to the visible, where absorption is

almost 100%.
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Figure 1.11: Contribution of the active CQD film. (a) Photoluminescence
excitation (PLE) as a function of nanostructuring time for a 50 nm CQD film atop
nanostructured Au substrates prepared with 13 mM HAuCl4 solution. (b) Corre-
sponding PLE signals of CQD films (as a function of film thickness) atop nanostruc-
tured Au reflectors with a fixed level of nanostructuring time. In panel a the PLE
signal is normalised with respect to the PLE measured at the wavelength λ = 530
nm, which corresponds to almost 100% of absorption of the planar sample. In panel
b, conversely, the PLE is normalised with respect to the PLE value at λ = 700nm,
which corresponds to the highest enhancement observed in Panel a for a CQD layer
of 50nm thickness.

1.3.1 Efficiency increase in energy harvesting modules

The ENZ nanostructuring proposed in this work does not require specific photo-

voltaics cell geometries, and can be applied in many different configurations. Although

a thorough discussion on this point clearly falls beyond the scope of this paper, we here

provide a quantitative analysis by characterising a simple photovoltaic device (Fig-

ure 1.12a). The structure is a colloidal quantum dot solar energy harvesting module

composed of a bottom electrode made of ENZ nanostructures, which are grown with

different exposure times (t = 360s and t = 600s) on a glass substrate. On top of

the ENZ material, we deposited a 50 nm layer of TiO2 (treated with TiCl4), followed

by a 300 nm thick film of PbS CQD, deposited by spin-casting. The module is then

completed by 200 nm thick indium tin oxide (ITO), which acts as a transparent con-
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Figure 1.12: Performance increase of an ENZ-based solar harvesting device
versus a planar module with no ENZ structures. (a) Three dimensional sketch
of the harvesting module composed by a bottom electrode made by ENZ nanostruc-
tures, with deposited on top a 50 nm layer of TiO2, followed by 300 nm of CQD and
completed by indium tin oxide (ITO). (b) Transmission electron microscope (TEM)
cross section of a fabricated sample, with ENZ nanostructures prepared with t = 360
s exposure time. (c-d) External quantum efficiency spectra measured at visible and
near infrared (from 400 nm to 1200 nm).

tact in a top illuminated configuration. Figure 1.12b shows a Transmission Electron

Microscope (TEM) cross section of a fabricated device. As a reference system, we

measured the performances of an identical device whose bottom electrode is made

using a planar film of gold with no ENZ.

We collected External Quantum Efficiency (EQE) spectra under short circuit con-
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ditions and compared the performance of ENZ nanostructures with the quantum ef-

ficiency of the planar device with a flat metallic bottom electrode. Figure 1.12c-d

reports the results. In the presence of ENZ nanostructures, the EQE spectra man-

ifest a large broadband enhancement, which is 170% averaged over the absorption

bandwidth of the CQD. In the region between 400 nm and 600 nm, where the solar

spectrum (Figure 1.12d solid orange area) possesses the highest spectral density, the

EQE efficiency increase reaches values up to 250%. The efficiency increase is con-

siderably higher (up to 350%) in the infrared region, for wavelengths λ > 1000 nm

higher than the excitonic peak of the CQD located at 980 nm.

1.3.2 Towards a universal ENZ nanomaterial

The versatility of electroplating allows to synthesise ENZ nanomaterials by using dif-

ferent metals. Figure 1.13 summarises the results obtained by applying electroplating

to silver (Figure 1.13, a-c) and palladium (Figure 1.13, d-f) metallic substrates. The

use of different metals lead to very different nanostructured surfaces, which exhibit

diverse curvatures and therefore ENZ regions (Figure 1.13, a,d). The geometric na-

ture of the ENZ regions, however, is expected to lead to a broadband absorption

enhancement when a thin layer of CQD is deposited on top of the metal. Figure

1.13b,e reports PLE measurements in the visible and near infrared for planar and

nanostructured samples, respectively, while Figure 1.13c,f shows the corresponding

PLE enhancements factors. The CQD thickness in the sample was 50 nm. Despite

the different material used, we observed in all cases a large and broadband absorption

increase in the CQD, which ranged from 200% to 400% in the wavelengths between

500 nm and 900 nm. The ubiquitous observation of this effect shows the possibility to

create universal broadband ENZ nanostructures from cheap metallic materials that

can lead to high performing and low cost energy harvesting devices for photocataly-

sis to photovoltaics. An interesting research direction in this field is also to explore
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the development of electroplating from semiconductor substrates, which are ideal for

industrial optoelectronic applications.
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Figure 1.13: Enhanced absorption of CQD deposited on ENZ generated
on silver (a-c) and palladium (d-f) metals. Panels (a) and (d) report the SEM
image of nanostructured electrodes created by using (a) silver Ag and (d) palladium
Pb metallic substrates. Panels (b) and (e) show the PLE signal when a 50 nm thick
CQD is deposited on top of the metallic structures. Panels (c) and (f), finally, report
the corresponding broadband enhancement in the visible and near infrared.

1.4 Conclusion

In this work we introduced a new class of ENZ nanomaterials that harvest of white

light energy from the visible to the infrared spectrum in thin CQD films for op-

toelectronic applications. Our strategy engineers a suitable optical transformation

from random metallic materials, obtaining complex ENZ materials with an excellent

broadband response. AFM and spatial photoluminescence efficiency measurements

confirmed our theoretical models and demonstrated that we can dramatically increase

absorption in active films, achieving an almost flat absorption from the visible to the
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near infrared in thin CQD layers. Experiments on an ENZ based solar harvesting

device performed between λ = 400 nm and λ = 1200 nm reported a fully broadband,

170% quantum efficiency increase when compared to an identical planar structure

with no ENZ. The potential impact of this material is indicated by the remarkable

value of EQE enhancement obtained with the thin films of CQDs employed in our

experiments. The light-matter interaction occurring in the ENZ nanomaterials and

reported in this work is a general effect that does not rely on the type of absorp-

tive medium or oxide employed, as illustrated in Figure 1.4 and Figure 1.13. This

enables the design new high performing structures employing cheap metals, such as

aluminium. The possibility to engineer such a new nanostructured material repre-

sents a significant advance in photonic enhancement of CQD optoelectronics, and

forms the base for developing a new generation of photovoltaic devices with potential

to reach the thermodynamic efficiency limit and completely harvest incoming solar

photons.

1.5 Methods

1.5.1 Substrate fabrication: Electrodeposition

Electrodeposition was carried out using an Ivium Technologies CompactStat unit,

designed as a portable electrochemical interface and impedance analyser, with power

configuration of ±30 mA at ±10 V. The electrodeposition procedure employed a

4 probe/3 electrode configuration in which the working electrode was connected to

the gold-coated (Au) substrate; the counter electrode was connected to a platinum-

coated (Pt) titanium mesh electrode; and the reference electrode was connected to a

BASi Ag/AgCl reference electrode (RE-5B with flexible wire connector). Solutions

of HAuCl4 were prepared in the following concentrations in 0.5 M HCl stock solution:

13 mM HAuCl4, 26 mM HAuCl4, and 40 mM HAuCl4. Electrodeposition was carried

out between 180 and 600 s and measured currents varied from approximately - 2 mA
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to - 9 mA depending on HAuCl4 concentration.

1.5.2 CQD film fabrication.

PbS quantum dots (synthesised and exchanged following previously published pro-

tocols [87]) were deposited at a concentration of 50 mg/mL in octane through a

0.2µ m filter, followed by solid state exchange using 3-mercaptopropionic acid at a

concentration of 1% v./v. in methanol or tetrabutylammonium iodide (TBAI) at a

concentration of 10 mg/mL in methanol. Finally, the film was rinsed twice with pure

methanol. All samples were spin-casted at 2500 rpm.

1.5.3 Spectrophotometer measurements

All absorption measurements were carried out using a Perkin Elmer Lambda 950

UV-Vis-NIR spectrophotometer equipped with an integrating sphere. Samples were

placed at the centre of the integrated sphere tilted at an angle of 20 degree relative to

the incident beam. The total transmission (T) and reflectance (R) was collected by

the integrating sphere detector with all ports closed except the one for the incident

beam. Absorption was calculated as 100% - T - R. The 100% transmission baseline

measurement was an empty sphere.

1.5.4 Photoluminescence excitation

Photoluminescence excitation was carried out using a Horiba Fluorolog spectrofluo-

rometer. Samples were place in the testing chamber at an angle of 30 degree with

respect to the excitation signal, with the detector chamber at 90 degree from the ex-

citation chamber. Photoluminescence from PbS films was measured in this chamber.

The spectrum of 400-800 nm (in 10 nm increments) was used to excite the film, while

the detector was configured to measure the PL signal at 1050-1100 nm (based on the

intensity peak for the given sample), yielding a relative PL intensity as a function of
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excitation wavelength

1.5.5 Scanning Electron Microscopy

Scanning electron microscopy images were obtained using an FEI Quanta FEG 250

environmental SEM/STEM (scanning transmission electron microscopy). All top-

view images were obtained using a 45 degree tilted holder to highlight surface tex-

ture. Images were obtained using 5, 10, and 20keV acceleration voltage based on the

application, and generally magnified to the order of 1-10 micron depending on the

application.

1.5.6 Atomic Force Microscopy

Photo-conductive Atomic Force Microscopy, including topography measurements, was

performed on an Asylum Research Cypher AFM, using 2 N/m Ti/Ir coated Si ultra-

sharp tips from Asylum. A λ = 405 nm laser beam, with 1 mW optical power, was

used to illuminate the sample. Laser light was conditioned through a microscope

objective to form a 3 µm diameter spot on the active layer of the sample. In order

to avoid electric shorts between the ultra-sharp AFM tips and the nanostructured

metal, we use atomic layer deposition (ALD) to deposit conformally a 10 nm layer of

amorphous TiO2 atop the metal surface. The TiO2 layer forms a rectifying junction

with the quantum dots with no effect on the ENZ in the quantum dot film, due to

the negligible absorption of TiO2 at visible and infrared frequencies.

1.5.7 EELS measures

Electron energy-loss spectroscopy was performed on a FEI 60-300 kV Titan with

monochromator and spherical aberration corrector at 200 kV. Disordered samples

have been prepared by applying V=-0.3 V voltage bias with 1.5-2 cm separation be-

tween Pt counter electrode and Au working electrode. Electrodeposition was carried
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out for 300 seconds in 100 mM HAuCl4 solution. Disordered samples were sonicated

in 10 mL Ethanol solution for 20 minutes. We then deposited 2 mL of solution on a

Transmission Electron Microscope (TEM) copper grid for the EELS analysis.
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Chapter 2

Enhancement of solar-to-hydrogen generation through

broadband Epsilon-Near-Zero nanostructured photocatalysts

2.1 Introduction

Photocatalytic production of hydrogen is a promising route to convert solar energy

into fuels and chemical feedstocks. The approach consists of a photoactive mate-

rial, typically a semiconductor, which harvests and then transfers solar electrons to

catalytic sites to drive hydrogen evolution reaction [88, 89, 90, 91]. Direct photoex-

citation of metals has emerged in recent years as an attractive strategy for hydrogen

generation [32, 33]. In contrast with the case of semiconductors, this approach re-

lies on the strong light-matter interaction in nanostructured metals to couple incident

light into plasmonic resonances. These intense modes can be readily tuned by modify-

ing the metal environment and morphology [92]. Under appropriate conditions, pho-

togenerated plasmons decay into a population of non-equilibrium high-energy carriers

(Landau-damping) that can be used to drive chemical reactions [34]. Intense efforts

have been devoted in recent years to understand and optimize the mechanisms un-

derlying behind this process both from an optoelectronic [93, 94, 95, 96, 97] and a

catalytic perspective [98, 99, 100, 101, 102, 103, 104].

The efficient usage of hot carriers requires their rapid extraction in order to sur-

mount their ultrafast relaxation dynamics, the latter occurring in the sub-ps regime

[105, 106, 107]. Strategies to improve the hot carrier generation rate and the collec-

tion efficiency have been devised. Theory and experiments support that, to maximize
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Figure 2.1: Broadband ENZ plasmonic photocatalysis: general idea and
sample fabrication. (a) Schematic illustration of a freestanding ENZ photocata-
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material, where the equivalent ENZ regions exist. (f) STEM image of a fabricated
sample, with a 2D cross section in yellow representing the structure of panel e. (g)
SEM image and (h) naked eye image of the sample. (i) Broadband ENZ plasmonic
photocatalysis reaction diagram.
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hot carrier harvesting, their generation needs to be tightly confined to small volumes,

below few tens of nanometres, to the metal interface [108, 109, 110, 111].

It is of paramount importance to utilize the high tunability endowed by plasmonic

systems to achieve broadband hot carrier harvesters. Efforts in this direction have

thus far included the use of nanoantennas [93], nanorods [102], and plasmonic crystals

[111] to achieve multispectral features. A single material platform that tightly con-

centrates hot carrier generation to the metal interface and that does so in a broadband

fashion across the solar spectrum, is required to exploit the potential of photoexcited

metal-driven catalysis.

Here we propose a new strategy to achieve highly efficient phototcatalysis in a

material based on three-dimensional epsilon-near-zero (ENZ) nanostructures. ENZ

metamaterials are optical structures whose properties emerge as the refractive index

of the structure approaches zero [112, 113, 114, 28, 115]. These properties can be

used to slow down light dramatically, concentrating it on nanometric dimensions.

We designed broadband ENZ materials based on fractal metallic nanostructured nee-

dles and implemented them in a Pd/TiO2/Pt heterojunction. Using electron energy

loss spectroscopy, we demonstrate that hot carrier generation occurs in a broadband

fashion in sub 10 nm dimensions. The ENZ Pd/TiO2/Pt photocatalyst shows stable

solar-to-hydrogen generation over 50 h, providing an avenue to renewable production

of H2 on large scales.

2.2 Results

2.2.1 ENZ photocatalysis: concept and sample fabrication

Figure 2.1a illustrates the concept of the complex ENZ structure. The design in-

corporates a layer of an ENZ material atop a planar metallic substrate, which acts

as an electron reservoir (Fig. 2.1a). Figure 2.1b shows a section of the refractive

index of the structure. The system is composed of a flat metallic surface covered by
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a material with a permittivity ε(x′, y′), characterized by a network of ENZ regions

separated by areas of high refractive index. The permittivity ε(x′, y′) does not change

in frequency, i.e. it is dispersionless. When photons impinge on this structure, surface

plasmon polaritons (SPP) waves are generated at different wavelengths and propagate

at the metal-dielectric interface y′ = 0 (Fig. 2.1c, SPP waves with different colors).

When light waves enter into an ENZ region, the wave frequency diverges and electro-

magnetic energy is arrested inside the ENZ volume, generating a strong quasi-static

localization [112]. Due to the dispersionless nature of the electromagnetic response of

the complex ENZ material, SPP waves propagating at different frequencies become

trapped inside the ENZ regions (Fig. 2.1c), and these behave as wideband absorbers

that confine light into localized volumes. This is key for the enhanced production

of hot carriers in the system. The density of hot carriers generated in a plasmonic

material illuminated by an electromagnetic wave, in fact, is proportional to the elec-

tric field intensity [107, 109, 108, 116]. The broadband squeezing of light observed in

Fig. 2.1c results in a high electromagnetic intensity that, in turn, favors the decay

of broadband SPP waves into highly energetic carriers. Even when SPP decayed ra-

diatively, the broadband ENZ material traps the generated light until this energy is

absorbed inside the metal, resulting in hot carrier generation.

When the ENZ material of Fig. 2.1a-c is combined with a TiO2 semiconductor

and a Pt co-catalyst (Fig. 2.1i), generated hot carriers are injected into the Pt cata-

lyst wherein electrons reduce H2O to H2. The complex ENZ structure of Fig. 2.1a-c

provides a performance superior to that of conventional plasmonic structures. The

latter are resonant and trap light efficiently only at specific wavelengths, for they lack

of a mechanism for broadband light concentration.

The wide spectral character of the ENZ material is beneficial to solar absorption.

It is not achieved using conventional structures, since they possess at most one point



49

Figure 2.2: Excitation of surface plasmon polaritons (SPP) from complex
ENZ networks: FDTD simulations. Panel a shows a sample geometry composed
of a complex ENZ structure on a flat metallic surface. (b) Equivalent structure
calculated from transformation optics and composed by a complex metallic surface in
air. (c) Electromagnetic energy distribution for impinging light on the ENZ network
at the wavelength λ = 900 nm. (d) equivalent dynamics in the ENZ space. The
excitation of a train of SPP waves is clear from panels c-d.

in the spectrum at which the dielectric constant approaches zero. To overcome this

problem, we followed the approach pioneered in [117, 118], and, by using transforma-
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tion optics [119, 82, 81] we engineered a new material that is fully equivalent to that

of Fig. 2.1b-c and that can be easily fabricated on large scales. Transformation optics

show that a planar metallic structure with an ENZ dielectric material on top is fully

equivalent to a metallic surface with a convex curvature in air, while dielectric re-

gions of high refractive index are equivalent to negative curvatures. This equivalence

is a result of Maxwell equations that is demonstrated in [118] (Fig.2.3 a-b). Figures

2.1d,e show the equivalent medium of Fig. 2.1b and Fig. 2.1c, respectively. In the

transformed material of Fig. 2.1d, the broadband localisation effect is observed in

each region of positive curvature, where SPP waves of different colours accumulate

and where the equivalent ENZ material exists.

Figure 2.3: Conformal mapping via nonlinear grid dynamics: example of
application. Panel a shows the dynamical solution for a representative initial metal-
lic surface (yellow area). The starting point is a cartesian grid (red axis). This grid
is orthogonal but not conformal to the geometry. Our algorithm provides a dynami-
cal iteration that yields a conformal structure that satisfies the boundary conditions.
The iteration is visualised in the plot as a succession of grids that approach the final
solution (solid black grid). Panel b shows the equivalent dielectric permittivity in
the (x′, y′) space generated via conformal mapping. The two structures of panels a-b,
i.e., the curved metallic surface in air (panel a) and the flat metallic plane immersed
in the inhomogenous dielectric ε(x′, y′) (panel b) are completely equivalent for light
propagation.

Figure 2.2 provides more details on the mechanism by which SPP waves are ex-

cited at the metal interface in the complex ENZ network material. Fig. 2.3 a shows
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a sample geometry composed of a complex ENZ nanomaterial, terminated by a flat

metallic plane in air. The ENZ network structure is defined in the (x′, y′) coordinates.

Fig. 2.3 b reports the equivalent metallic structure in the (x, y) space, calculated by

transformation optics. In these coordinates space, the ENZ material is seen by light as

a series of metallic nanostructures, with different shapes and curvatures, immersed in

air. Figure 2.2c show results of FDTD simulation in the (x, y) space when monochro-

matic light at the wavelength of λ = 900 nm impinges on the ENZ region (Fig. 2.3 b,

green arrow). As seen from the figure, the complex light-matter interaction with the

nanostructures generates a train of SPP waves, which are clearly visible and propa-

gates in the flat metallic region after the termination of the nanostructures. Figure

2.2d illustrates the equivalent electromagnetic dynamics in the transformed (x′, y′)

space. The excitation of SPP waves from the complex ENZ material from the fact

that the ENZ network, being characterized by a random refractive index distribution

with high and low refractive index values, behaves as a random grating that furnish

the required momentum to couple energy from incoming light to SPP waves. The

article [118] provides more details on the mechanisms of excitation of SPP in these

complex ENZ materials and how an accurate control of their localization can be at-

tained at the metallic surface.

To fabricate the disordered structure profile illustrated in Figure 2.1e, we employ

an electroplating technique, a scalable manufacturing method that has been success-

fully applied in biological sensing [120, 121]. Disordered samples are fabricated by

employing a three electrode potentiostat in a gold chloride solution (HAuCl4), where

the disordered metallic features are formed by the reduction of Au atoms on a flat

substrate. The disordered system is then conformally coated with a 30 nm layer of

palladium. Scanning electron microscope (SEM) images of a fabricated sample reveal

a complex three dimensional Au/Pd metallic structure with a large number of convex

substructures that theory predict will function as ENZ regions (Figure 2.1f) (details
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on the fabrication process given in Method section). Fig. 2.1g shows a zoomed out

SEM image of the sample, revealing a complex, fractal-like, pattern. Figure 2.1h

shows the metallic sample as it appears to the naked eye: the structure is black.

Its absorption exceeds 90% over the spectral range of 300-1300 nm. Figure 2.1f-h

illustrates the beneficial effect of disorder in this structure. The random character of

the ENZ regions allows scalable electroplating fabrication and does not rely on pre-

scriptive implementation of nanoscale features to result in a large number of convex

curvatures. These act as equivalent ENZ regions for broadband light localisation down

to nanoscale regions where hot carrier generation is maximised. In order to exploit

efficiently the intense generation of hot carriers in the ENZ material, it is essential

that we harness them before they thermalise. We used a Schottky junction to as-

sist charge separation (Fig. 2.1i): we employed TiO2, a high-bandgap semiconductor

that forms a Schottky junction with Pd, and possesses appropriate energetics to drive

the hydrogen evolution reaction. It is important also to preserve the ENZ character

of the metallic electrode along the steps involved in nanofabrication. Our assembly

procedure employs low-temperature atomic layer deposition (ALD) that provides a

uniform conformal coating and precise thickness control, implementing both a good

Schottky junction and a protective layer for subsequent fabrication steps. Following

90 ALD cycles (∼ 8 nm), we applied a TiCl4 densification and calcination treatments

to the ENZ catalyst. This step has been reported to improve the crystallinity of the

semiconducting phase and to remove potential organic residues from the underlying

ALD coating. Samples were decorated with < 10 nm Pt/C nanoparticles —a co-

catalyst for hydrogen evolution— using a photoelectrochemical deposition procedure.

Figure 2.4a-e shows scanning transmission electron microscopy (STEM) images

the final ENZ photocatalyst structure, including the complex Pd/TiO2/Pt hetero-

junction. The strategy ensures that ENZ features are preserved until the final cat-

alyst is formed (Figure 2.4a). We confirmed the material composition of the ENZ
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catalyst by Energy Dispersive X-Ray (EDX) spectroscopy (Figure 2.4b-e).
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Figure 2.4: ENZ photocatalyst assembly and broadband experimental
broadband ENZ effect demonstration by EELS. (a) SEM image of a typi-
cal ENZ catalyst micron scale structure, consisting in a Pd metallic backbone coated
with a TiO2 layer decorated with Pt/C co-catalyst nanoparticles. After fabrication,
the resulting photocatalyst material preserves the initial ENZ features. (b-e) Energy
Dispersive X-Ray (EDX) spectroscopy images of (b) Ti, (c) Pd, (d) Pt nanoparticles,
with panel e superimposing (b-d) on the SEM image shown in panel a . (f-i) EELS
plasmon mapping at 1.6 eV, 1.9 eV, 2.1 eV and 2.5 eV of nanoscale features of the
complex ENZ material. (l) Single image showing the results of panels f-i (EELS Sig-
nal of f+g+h+i) and experimentally calculated refractive index distribution of ENZ
regions (refractive index pseucolor plot). Panel l experimentally proves a broadband
ENZ effect where light is localised regardless of the input wavelength.

2.2.2 Experimental analysis of the broadband ENZ effect in

complex Pd nanomaterials

= To experimentally demonstrate the broadband ENZ in our samples, we employ a

combination of scanning transmission electron microscopy (STEM) and electron en-

ergy loss spectroscopy (EELS). STEM-EELS is an extremely powerful technique that

allowed us to map, with nm resolution, the electromagnetic energy distribution within

the ENZ network as experimentally measured from fabricated samples [122, 123].

Disordered samples used in STEM-EELS study were realised by employing the
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same deposition conditions for samples used in photocatalysis experiments. To de-

tect a measurable EELS signal in transmission, we required the metallic structure to

be sufficiently thin to transmit electrons. We first sonicated the samples for 30 min-

utes in ethanol, and then deposited the resultant solution on a silicon substrate. This

process allowed the complex metallic structures to detach away from the substrate

while preserving their fractal shape. We then used focused ion beam scanning electron

microscope (FIB-SEM) to cleave a single metallic tree-like structure and deposited it

on a copper ring supporter for EELS analysis.

Figure 2.4f-l shows measured EELS spectra for different excitations ranging be-

tween 1.6 eV to 2.5 eV, which corresponds to wavelengths between λ = 496 nm to

λ = 775 nm. The spectral intensity of each pixel is imaged within a 0.2 eV energy

window from the peak plasmonic energy, which is reported in the lower left panel

of each picture. EELS plasmonic signals are presented in the figure with correlated

light colors and shades that are proportional to the corresponding spectral intensity.

The morphological information of the sample is observed in the black region under

the colorful area in Fig. 2.4f-i, corresponding to the metallic part of the sample.

The distribution of electromagnetic energy measured by EELS on the sample under

different input wavelengths and illustrated in Figures 2.4f-i is then mapped onto the

refractive index distribution of the ENZ network in Figure 2.4l. To perform this map-

ping, we experimentally calculated the refractive index distribution of ENZ regions

by extracting the morphology of the metallic surface of the sample. The resulting

ENZ network is illustrated in Figure 2.4l as a pseudocolor map with varying shades

between blue and red. The EELS electromagnetic field distribution is then repre-

sented in the same figure as a pseucolor map with varying shades between dark blue

and yellow. Figure 2.4l clearly proves experimentally the broadband ENZ effect of

our samples. The image shows, in fact, broadband localization of the EELS signal

in each ENZ region regardless of light frequency. From Figure 2.4l, we can estimate
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that the ENZ coverage is around 60% of the sample area.

The broadband light localisation experimentally shown in Figure 2.4 are not the re-

sults of localised plasmonic resonances. The latter are observed in nanoparticles or

equivalent resonant nanostructures that strongly interacts with light at specific fre-

quencies, which are dictated by their characteristic size [124]. Figure 2.4 show also

that each ENZ region support a strongly broadband localization effect, which does not

exhibit any resonant character. The localisation of light is the result of the trapping

of SPP waves, which are excited at the surface by the mechanisms shown in Figure

2.3 and then get trapped in the complex ENZ network in the area of low refractive

index, where light is arrested in broadband quasi-static localisations of strong elec-

tromagnetic intensity, thus resulting in a material that appears totally black.

2.2.3 Enhanced hot carrier generation from complex ENZ

networks

The theoretical study of hot carrier generation dynamics in metallic structures is a

subject of debate [107, 109, 108, 116, 125]. Accurate theories exist so far only for

simple geometries and lack for the complex structure of Figures 2.1-2.4. In order to

provide physical insights on the performance of these structures, we use scaling laws

for the generation of hot carriers obtained in [108] that have been proven consistent

with previous experiments [107]. According to Harutyunyan et al. [107], at a given

frequency ω the number of excited hot carriers dN per unit energy dE in a plasmonic

material depends on the electromagnetic field intensity localised at the surface of the

metal and is given by the following surface integral:

dN (ω)

dE
= A

∮
|〈En〉|2

ω4
dS, (2.1)
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Figure 2.5: Hot electrons generation in complex ENZ structures: FDTD

results. (a) Spatial distribution of δN (E) =
∫

dω |〈E〉|
2

ω4 , where 〈E〉 is the electric
field averaged over an optical cycle at steady state. The hot electron generation rate
is proportional to the value of the function δN (En) at the metal interface, where
En is the normal component of the field. The structure analysed is the same of Fig.
1e of the main text, which is an exact SEM cross section of a fabricated sample.
(b) Zoomed detail of panel a for a monochromatic illumination at the wavelength
λ = 700 nm, with quiver plot showing the distribution of the electric field lines
in space. (c) Relative enhancement η of hot electrons generation rate between the
complex ENZ material of panel a and a planar metallic structure.

being dS a unit surface element, 〈En〉 the normal component of the electric field to

the metallic/air interface averaged over one optical cycle at steady state, and A an

inessential proportionality constant. In order to compute the relevant electromag-

netic quantities to evaluate the performance of the ENZ structure from Eq. (2.1),

we used finite-different time-domain (FDTD) simulations on our homemade code

NANOCPP, which provides very reliable results verified against numerous experi-

ments [21, 126, 127]. To replicate the complex disorder arising in the ENZ samples,
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we used the structure of Fig. 2.1e, whose morphology is extracted from SEM mea-

surements.

Figure 2.5 shows the spatial distribution of the quantity δN (E) =
∫

dω |〈E〉|
2

ω4 ,

where E denotes the electric field. This function is proportional to the spatial distri-

bution of the hot-electron generation rate, which according to Eq. (2.1) is given by

δN (En) calculated at the metallic/air interface, apart inessential constants. For the

computation of δN we illuminated the structure from the top with plane waves at

different frequencies ω, we retrieve the corresponding average electric field intensity

|〈E〉|2 after the system reaches the steady state and then integrate over frequency

space. In our computations we used a frequency illumination window between the

wavelengths λ = 400 nm and λ = 1000 nm, which span the visible and near infrared.

To provide realistic computations, we used experimental dispersion curve of metals

as measured from published experiments [128].

The function δN illustrates that polychromatic light becomes squeezed in the

ENZ regions formed at the points of positive curvature in the structure, generating a

series of intense broadband light localisations that maximise hot carrier generation.

Inside the ENZ regions, a second important mechanism that increases the flux of hot

carriers comes from the propagation of surface plasmon waves, which tend to acquire

an electric field perpendicular to the metallic surface. This provides the desired sce-

nario where electron momentum is matched and hot carrier emission is maximised

[107]. Figure 2.5b provides a zoomed view of the distribution of the electric field

inside and outside the metal (Figure 2.5b, pseudocolor plot). Electric field lines are

plotted with a line integral convolution (LIC) technique that illustrates the vectorial

distribution of the field in space (Figure 2.5b, quiver plot). The LIC plot clearly

shows that the field becomes normal to the surface in the proximity of each ENZ

region, where broadband light energy becomes squeezed.

Figure 2.5c calculates the hot carrier generation enhancement η(ω) obtained in
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the ENZ structure compared to a flat metallic control. For this calculation we evalu-

ated Eq. (2.1) for the disordered material and for a planar metallic sample between

400 nm and 1000 nm. The scaling dN (ω)
dE ∝ 1/ω4 in Eq. (2.1) makes longer wavelength

contributions more prominent. The result illustrated in Figure 2.5c shows that the

photocatalyst enhances hot carrier generation rate in a broadband fashion. By inte-

grating hot carrier density in frequency weighted by the spectrum of solar radiation

(ω) (Fig. 2.5c, solid area) we obtain an averaged enhancement factor η̄ of approxima-

tively 19, which reduces to 13 if we consider the presence of TiO2, which provides an

additional energy barrier of 1.2 eV, as estimated experimentally in the next section.

This analysis predicts that the complex ENZ structure is expected to deliver a one

order of magnitude improvement of hot carrier generation compared to conventional

planar plasmonic structures. The analysis also shows that within the solar spectrum,

light wavelengths > 450 nm contribute more significantly to the enhancement η.

2.2.4 ENZ photocatalyst: experimental characterisation

We assessed the photochemical reduction capabilities of the ENZ catalyst and con-

nected as the working electrode in the electrochemical cell. We used Pt wire as a

counter electrode, while Ag/AgCl in 3M KCl was used as a reference (Figure 2.6a).

We biased the system at −0.1 V vs Reversible Hydrogen Electrode (RHE) and mon-

itored the current over time. A negative photocurrent is expected upon illumination

if hydrogen H2 is generated at the ENZ photocathode. Figure 2.6b confirmed this

dynamics when the system is illuminated by periodically switched while light (Figure

2.6b).

In the first set of measurements, we characterised the photoelectrical response of

the ENZ photocathode under monochromatic illumination to obtain its photoelectri-

cal external quantum efficiency spectrum (PEQE). This figure of merit is here used

to calculate the value of the Schottky barrier at the Pd/TiO2 interface. The external
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Photoelectrochemical characterization
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Figure 2.6: ENZ photocatalyst and hydrogen generation performance: pho-
toelectrochemical and photocatalysis experiments. (a-c) Photoelectrical cell
characterization. (a) Cell configuration, where the ENZ catalyst is used as the work-
ing electrode in a one-compartment cell with a buffer (pH) electrolyte. The sample is
illuminated using white light under different potentials. (b) Current-time trace at -0.1
V vs reversible hydrogen electrode potential. The negative photocurrent is indicative
of the cathodic nature of the ENZ catalyst. (c) Photoelectrochemical external quan-
tum efficiency (PEQE) spectra, which follow a Fowler emission model for the emission
of ENZ plasmonically-derived hot carriers over the TiO2-Pd Schottky barrier. (d-f)
Photocatalysis characterisation. (d) Reactor cell for the characterisation of the ENZ
structure as an autonomous photocatalyst. The electrolyte consists of a 0.8:0.2 v/v
mixture of water and methanol, where the latter is used as a hole-scavenger sacrificial
agent. Samples are excited with AM 1.5G simulated illumination. (e) Amount of H2

evolved at different times with (blue) and without (black) a 450 nm long-pass filter
for light, showing a stable generation of 7.5 µmol · cm−2. (f) Comparison of H2 gener-
ation rates for full-spectrum illumination with a flat sample and nanorod plasmonic
photocatalysts.
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quantum efficiency is expressed as follows PEQE = α ·ηSPP−H2 , where α denotes the

absorption of the structure, ηSPP−H2 the total efficiency of hydrogen generation from

photo excited plasmons. This process includes the decay of SPPs into hot carriers,

which propagate ballistically into the TiO2 layer and react at the catalytic site to

produce H2. Figure 2.6c shows experimentally measured PEQE values for the ENZ

photocatalyst in the visible and infrared spectrum. The emission process is often

modeled following a Fowler theory. This trend follows well the Fowler prediction,

with PEQE ∝ (~ω−qφb)2

~ω and an estimation of ψb ∼ 1eV for the Schottky barrier.

Once we assessed the photoelectrochemistry of the ENZ catalyst, we characterised

the complex ENZ heterostructure as a unit for photocatalytic H2 generation. We

placed the sample inside a sealed reactor with a mixture of water and MeOH, and

subjected the system to AM 1.5G simulated illumination (Figure 2.6d). Photogener-

ated electrons react with water and drive H2 evolution, whereas the generated holes

diffuse to uncovered Pd and oxidise MeOH as the sacrificial agent. To validate exper-

imental results with theoretical predictions, we first characterised the H2 evolution

rate by employing a 450 nm long pass filter (Figure 2.6e). The amount of H2 gener-

ated was periodically analysed via gas chromatography (see Methods). The system

achieve a constant H2 evolution rate of 7.5 µmol · h−1cm−2 throughout the course

of a 24 h interval (Figure 2.6f). The evolution rate under full solar illumination in-

creases up to 9.5 µmol · h−1cm−2, corresponding to an average quantum yield over

the solar spectrum of ∼ 0.8%. The enhanced performance of this system is approx-

imatively one order of magnitude higher than the quantum yield of 0.1% reported

for plasmonic materials, in good agreement with our enhancement calculations in the

previous section. The performance increase is mostly driven by light wavelengths

> 450 nm, as predicted by our calculations. Figure 2.7 reports experimental results

over 50 hours of measurements, showing a stable production rate of hydrogen from

the ENZ photocatalyst unit.
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Figure 2.7: Time course of the hydrogen evolution reaction on a ENZ
photocatalyst sheet under AM 1.5 illumination: The panel shows excellent
operational stability of ENZ photocatalysts. Over 50 hours testing, the hydrogen
production rate nearly keeps constant.

2.3 Conclusions and Discussion

In this work we demonstrated a complex epsilon-near-zero Pd/TiO2/Pt metamate-

rial catalyst for efficient H2 production. The reported quantum conversion efficiency

of 0.8% represents an 3.2-fold improvement compared to best metal-sensitized hot-

carrier photocatalyst for H2 dissociation reported to date [104]. The superior per-

formance of this approach stems on the broadband light-squeezing effect achieved by

the three dimensional ENZ metamaterial. Using electron energy loss spectroscopy,

we proved imaged hot carrier generation revealing a broadband localised generation

in sub 10 nm dimensions. The catalyst show a remarkable H2 production rate of

9.5 µmol · h−1cm−2, stable over the course of an initial 50 hours study. Futher opti-
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misation can be envisaged by their integration with oxygen-evolution catalysts such

as cobalt [90]. Increase in the catalytic activity is expected by optimizing, or even

suppressing, the barrier with the wide-bandgap semiconductor in such a way the ENZ

metamaterial could directly drive chemical reactions (24). The versatile nature of the

ENZ material can also open applications for the production of other chemical fuels in

different Pd based redox reactions, which can benefit from the optimised mechanism

of hot-electrons generation developed herein.

2.4 Methods

2.4.1 ENZ-Photocatalytic Device Fabrication

The ENZ materials are fabricated through an electroplating process using HAuCl4

(99.99% Sigma Aldrich) and HCl (TraceSELECT) solutions. The procedure was

carried out by employing three electrodes configuration in which the working electrode

was connected with gold-coated substrates (1 cm2) (EMF Corporation); the counter

electrode was connected to a platinum mesh electrode; and the reference electrode is

Ag/AgCl reference electrode. The fractal disorder metallic structures are formed in

the 100 mM/L concentration HAuCl4 at -300 mV for 300s. The 30 nm Pd layer was

grown on the prepared disorder Au substrates through E-beam evaporation method.

Then the 90 cycles ( 8 nm) TiO2 film was conformally coated on top sample by

atomic layer deposition (ALD) at low temperature condition. Then TiCl4 treatment

was applied to ENZ samples. The Pt co-catalysts loading was performed using light-

assisted electroplating method in 20 µ mol/L HPtCl4 (Sigma Aldrich) at -600 mV for

600s.
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2.4.2 Spectrophotometer measurements

Absorption measurements were carried out using a Perkin Elmer Lambda 950 UV-Vis-

NIR spectrophotometer equipped with an integrating sphere. Samples were placed

at the centre of the integrated sphere tilted at an angle of 20 degree relative to

the incident beam. The total transmission (T) and reflectance (R) was collected by

the integrating sphere detector with all ports closed except the one for the incident

beam. Absorption was calculated as 100 % - T - R. The 100% transmission baseline

measurement was an empty sphere.

2.4.3 Transmission Electron Microscopy and Electron En-

ergy Loss spectroscopy study

The samples for transmission electron microscopy (TEM) studies were prepared by

focused ion beam (FIB) (Helios 650, FEI). We firstly dispersed the metallic tree-

like needles on the surface of a silicon substrate, then picked up one of them and

spliced the thicker end of the needle to a FIB lift-out grid. This sample preparation

method ensures that the network of ENZ structures used for surface plasmon mapping

is electrically insulated to the ambient environment. The STEM EELS spectrum

imaging (SI) measurement was carried out using the Titan G2 60-80 (FEI) equipped

with a monochromator, a spherical aberration corrector, and a high energy resolution

Gatan imaging filter system. All SI measurements were carried out in monochromatic

mode and the energy resolution of incident beam was estimated to be 0.14 eV. The

spectrometer dispersion was set to 0.01 eV, and the persistence time is 0.05 second for

each spectrum. Plasmon maps were obtained from a 0.2 eV EELS intensity window.

2.4.4 Material characterisation

The scanning electron microscopy (SEM) images of Au samples were acquired using a

Hitachi SU8230 scanning electron microscope operated at 1.0 kV. Transmission elec-



64

tron microscopy (TEM), high resolution TEM images (HRTEM), high-angle annular

dark-field scanning transmission electron microscopy (HAADF-STEM), and STEM

elemental mapping for the samples were taken on a HF-3300 transmission electron

microscope operated at 200 kV. The samples were prepared by dropping catalyst pow-

der dispersed in ethanol onto carbon-coated copper TEM grids (Ted Pella, Redding,

CA) using micropipettes and were dried under ambient conditions.

2.4.5 Photocatalyst characterisation for hydrogen evolution

The ENZ active material was deposited into a defined 0.8× 0.8 cm2 area. The pho-

tocatalytic reactions were carried out in a gas-tight 30 mL Pyrex reaction cell at

ambient temperature and atmospheric pressure under simulated AM 1.5G solar illu-

mination. The source intensity was measured using a Melles-Griot broadband power

meter and a Thorlabs broadband power meter through a circular 0.049 cm2 aperture

at the position of the device. In a typical photocatalytic experiment, photocatalyst

substrates were vertically located in the reactor filled with 15 mL of aqueous solution

containing 20% (v/v) of methanol. The mixture was evacuated and purged with ni-

trogen for 30 minutes to remove dissolved oxygen. Then, it was illuminated with a

solar simulator equipped with an UV-cutoff filter (450 nm) (for testing under visible

light) for different period of time. A 0.5 mL of gas was sampled intermittently through

the septum, and hydrogen was analyzed by gas chromatography equipped with TCD

detector and carboxen-1010 capillary column. The system was calibrated perdioci-

cally between measurements. The quantum yield (QY) was calculated according to

following equation:

QY =
Number of reacted electrons

Number of incident photons
× 100

=
Evolved H2 molecules× 2

Number of incident photons
× 100. (2.2)
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The number of incident photos were calculated by integrating the entire AM 1.5G

spectrum between time 0 and the sampling time. At each iteration the head-space

gas volume was corrected by the amount of the removed sample (0.5 mL).

The spectral response of the ENZ photocatalyst was acquired by illuminating the

sample with 20 Hz chopped light and reading the photocurrent with a Stanford SR830

lock-in amplifier in a three-electrode configuration, A bias of -0.1 V vs reversible

hydrogen electrode potential was applied to the sample using a Keithley 2400 source

measuring unit. The cathodic nature of the photocurrent was recorded under the same

conditions, where the light was manually modulated and the photocurrent directly

recorded with the Keithley. Power calibration was performed by measuring the power

of the incident monochromatic, obtained by passing a 400 W Xe lamp through a

monochromator with appropriate cutoff filters. The output power was recorded with

Newport 818-UV and Newport 838-IR photodetectors.
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Chapter 3

Disordered metamaterials enhance quantum efficiency in

photoelectrochemical devices for water splitting

The climate changes could not be underestimated anymore and the challenge for

an efficient, cost-effective and environmentally-safe energy source has been accepted.

Therefore the interest in photoelectrochemical (PEC) devices for water splitting has

been growing fast since they proved to be very effective in hydrogen production and

guarantee a clean alternative in meeting world’s rising energy needs [129, 130, 131].

Beside, oxidation of water in O2 and hydrogen formation are strongly critical processes

and investigations have been carried on to improve the stability and the efficiency of

the processes and to enhance the performances of light-absorber, solar-fuel gener-

ator. Although encouraging results have been obtained by chemically engineering

composed materials [132, 133, 134, 135, 136, 137, 138] , relying on developing and

improving materials’ electronic and chemical characteristics it is often a complicated

and laborious process and, at the moment, it doesn’t demonstrate to be a decisive

approach [139]. It is known from literature that by nanostructuring the interfaces

with water it is possible to enhance the performance of the PEC device decreasing

their reflectivity and the optical losses occurring on the surfaces [140]. Many differ-

ent geometries have been realized, from micro-pillars to through bio-inspired designs

[141, 35, 142, 143, 144]. These surfaces show good absorption, up to 90%, but very

often reflectivity spectra show peaks up to 60% in the ranges of near UV or near

infrared [145]. Accordingly, one of the main drawbacks of these patterns is that the

absorption increase is not a broadband effect together with the issue that the fabri-
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cation process can’t be easily scaled up.

Therefore to challange the problem of large scale production, process aimed to the

fabrication of disordered nano and micro structures have been employed. In this

framework Black Silicon technology found an interesting role in the energy harvest-

ing field [146, 147]. The problem of optical losses caused by interfaces’ reflectivity

is overcome thanks to its very high and broadband absorption, but due to the high

degree of disorder a new issue has to be faced regarding the optical transmission. In

fact, light get trapped among the nanostructures and keep being reflected, decreasing

its penetration length inside the substrate. As a consequence, the amount of photons

absorbed by the substrate and converted to electron-hole pairs is reduced hence im-

pairing the performance of the device [148, 149].

Here we present a novel strategy that relies on the optimization of the nanostructur-

ing process, allowing the fabrication of suitably disordered surfaces at the interface

with water. Thanks to this optimized approach surface trap states are not intro-

duced and the process can be easily improved for large scale production. In addition,

this method allows us to obtain very high performances: external quantum efficiency

(EQE) reaches the 95% for the dry cell, on a broad optical window between 400

nm and 900 nm wavelengths, while current density values around 60 mAcm−2 are

recorded in water . These, to the best of our knowledge, are the best results ever

reported in this field and could be achieved through a a massive and efficient cam-

paign of optimization, based on both experiments and Finite-Difference Time Domain

(FDTD) simulations.

3.1 Sample design

Figure 3.1(a) summarize the basic structure of optimized silicon photoelectrochemical

(Si-PEC) cells, that have been investigated to characterize the bifacial light harvesting

properties with different surfaces at the interfaces: the top one, made by an hetero-
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Figure 3.1: Working principle and device description. (a) Working scheme
of the Silicon based photoelectrode we realized. (b)-(c) SEM images of the mi-
cro/nanostructured surfaces at the interface with water, water/SiNx/Al2O3/Si and
water/Si/Pt respectively.

junction SiNx/Al2O3/Si that constitutes the anode and the rear one, composed by

Si/Pt. On the latter side, the Pt works as a catalyst for the production of molecular

hydrogen. One peculiarity of this device is that it could harvest light on both sides,

in order to efficiently gain and store the energy needed to keep the photocatalytic

reaction active.

The splitting of the water molecule could take place at the reference anode, due to

a bias that is initially applied to the cell and than it is self-fed thanks to the very

high light harvesting performance of our device.The anode acts like a reservoir of

holes that are used to split 2H2O in one molecule of O2 and four H+ ions. Then at

the cathode the reduction of the hydrogen takes place, physically catalyzed by the

presence of Pt nanoparticles, which makes electrons more free to move.

Figures 1 (b) and (c) present SEM images of the disordered optimized surfaces of

the device at the interface with water, which allow us to obtain such good perfor-

mances, top and and surface respectively. The top-side (p+ surface) with surface

texturing of micropyramid, shown in Figure 3.1(b), increases the chances of reflected

light bouncing back onto the surface to minimize reflection. Moreover, there are es-
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pecially designed for reducing the recombination of the injected mobile carriers with

7 nm of Al2O3 passivation layer, and efficient light harvesting with 50 nm of Si3N4

antireflection layer. In addition, the finger-patterned with Ag to efficiently collect

holes from the emitter layer to the outer circuit. The rear-side (n+ surface, Figure

3.1(c)) is characterized by a surface texturing of microgroove, leading to scattering

and higher order diffraction resulting in an increased absorption of the incident light

in the Si-PEC cells. The semitransparent layer of Pt that is deposited on rear-side

by sputter, which works as a catalyst for the production of molecular hydrogen and

also as a conductive layer for carrier transportation. The superior optical design of

the Si-PEC cells improved light harvesting on both sides, leading to efficiently obtain

and store the energy required to maintain the photocatalytic activity.

We designed this surfaces through an optimization process starting from a first prin-

ciples based study of the propagation of light inside complex disordered materi-

als. To further understand how the energy transmitted inside the system gener-

ates photo-carriers, we calculate optical generation rate functions. These can be

computed from the optical power Pabs absorbed in the system, which is defined as

Pabs(r;ω) = −1
2
ω|E(r, ω)|2=(ε(r, ω)) where |E(r, ω)| is the absolute value of the elec-

tric field inside the material and ε(r, ω) is the medium permittivity. The photon

generation rate, which measures the number of photons absorbed per unit volume

per unit time, can be then calculated as g(r;ω) = Pabs(r;ω)
~ω using the standard as-

sumption that each absorbed photon excites an electron-hole pair.

The spectral generation rate is then calculated as the integral of g(r;ω) over all fre-

quencies G(r) =
∫
g(r;ω)dω. The spectral generation rate provides a quantitative

value for the number of photo-carriers that can be excited in the material. These re-

sults are then summarized by calculating the Quantum Efficiency (QE) of the device,

which is defined as the ratio between the absorbed power and the power radiated from

the source at each wavelength QE(ω) = Pabs(ω)
Psource(ω)

. We conducted a massive FDTD



70

simulation campaign with our own code NANOCPP [21], and investigated numerous

geometries in order to improve the optical absorption of the interfaces and make it

broadband. To make the model more realistic we used experimental parameters for

materials’ optical characteristics taken from literature[150]. We tailored the features

of the surface at the micro and nano-scale exploiting different models for the correla-

tion of the disorder and by varying several parameters, such as the roughness of the

surfaces, the main shapes of the micro and nanostructures, their heights and widths,

and the composition and thickness of the different layers. We tested and optimized

the performances of the heterogeneous surfaces we modeled by simulating one inter-

face at a time for each kind (i.e. top and rear). We made a comparison among the

collected optical quantum efficiencies and we found the best compromise which allows

the optical losses to be decreased and, at the same time, efficiency for water splitting

is preserved.

Figure 3.2 a-b illustrate the FDTD models of nanostructured surfaces used in our

simulations.

The water/SiNx/Al2O3/Si interface of the device, is modeled by random aggregates

of Si micro-pyramids with average height of 500 nm and average width of 600 nm,

uniformly coated by a 7 nm layer of Al2O3, and a 70 nm SiNx(Figure 3.2a). The Si/Pt

rear interface, conversely, is modeled by a random, gaussian-correlated disordered Si

surface with correlation length of 1µm and average surface height of 800nm, with a

layer of 5 nm Pt particles deposited on top (Figure 3.2b).

Following our theoretical optimized model, a working device has been realized. Con-

notative geometrical parameters for both surfaces have been calculated directly from

the collected images, in order to extract precise values for the disorder correlation

length, average surface height, as well as pyramids width and height.

These optimized configurations of disorder allow us to overcome the problem of surface
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trapping states for photons. Surfaces fabricated with suitable characteristic param-

eters for disordered micro and nanostructures allow photon to travel deep into the

device on both sides. Figure 3.2c-d, display a surface plot of the spatial energy distri-

bution inside the Silicon PEC cell at the wavelength λ = 800 nm. It is evident that

the light, once absorbed, could travel very long distances inside the device.

To give an estimate of the actual distance available to photons in order to generate

electron-holes couple and to better understand the phenomenon, Figure 3.3 a-b illus-

trate the spatial distribution of the photon generation rate g(r;ω) at the interfaces

water/SiNx/Al2O3/Si (Figure 3.2c) and water/Si/Pt (Figure 3.2d). In the figures the

distributions corresponding to three different input wavelengths are presented and

plotted with different colorbars: λ1 = 400 nm in blue, λ2 = 600 nm in yellow and

λ3 = 800 nm in red. This panels, as well as the spectral generation rates (Figure

3.3c-d) show that penetration length inside the device is approximately to 10µm in

both cases, thus increasing steeply the number of photons which contribute effectively

to the conversion of light in electron-hole pairs. Spectral generation rates G(R) func-

tions (Figure 3.3c-d) illustrate that the largest part of photocarriers are generated

within a few hundreds of nm from the surface. This originates from the fact that,

while the light penetration length is higher for larger wavelength (see Figure 3.2c-d),

the Si absorption is higher for shorter wavelengths, which do not penetrate much

in the material. Both distributions are normalized to the same value, thus demon-

strating that generation rate is considerably higher on the anti-reflective coating side

SiNx/Al2O3/Si.

We compare the features obtained from the SEM pictures to the ones we found

with simulations and they show an excellent agreement with the theory. To enforce

this idea we computed the autocorrelation functions of both modeled and real sur-
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faces. To be as accurate as possible in this calculation, we extract directly from the

SEM images the actual profiles of the device’s interface with water. The comparison

between the autocorrelation functions of the theoretical model (blue line) and the

experimental profile (red line) are shown in Figure 3.4a-b. The curves are almost the

same thus confirming that the experimental realization of the theoretical device is

trustworthy.

To support the idea of the perfect match between theory and the fabricated device,

we performed measurements of reflectivity on both side of the sample. Figure 3.4c-d

illustrate the FDTD reflectivity spectra of the two optimized surfaces (solid lines),

which have been averaged over many disordered configurations obtained with the

same geometrical parameters but with different initial conditions. Average theoreti-

cal spectra are then compared with experimental results (circle markers), showing a

really good agreement with FDTD predictions.
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Figure 3.5 (a)-(b) illustrate the QE of top ( Figures 3.5(a), solid blue line) and rear

(Figures 3.5(b), solid blue line) sides of the device. Results are compared to the QE

of an equivalent planar device with no nanostructuring (Figures 3.5 (a)-(b), solid red

lines). The fundamental role of nanostructuring is clearly highlighted by this analysis.

As we observe in Figures 3.5(a), on the top side the nanostructuring allows to achieve

a spectrally at response from 400 nm to 900 nm. This improves considerably the

performances of a planar layer made with the same components, which shows a high

quantum efficiency only between 600 nm and 700 nm (Figures 3.5(a), solid red line).

On the rear side, conversely, the nanostructuring achieves an impressive broadband

enhancement of the QE up to 70%, meaning that the performance on this side are

improved of about 50%.

3.2 Performance Comparison

Typical J-V characteristics of Si-PEC cells from top, rear, and bifacial illumination is

shown in Figure 3.6(a). The performance of the device is measured in the air under

AM 1.5 G incident solar irradiance. Under bifacial illumination, the device shows

excellent photovoltaic performances with Open Circuit V oltage Voc of 0.57 V , Short

Circuit Current Density Jsc of 62.10 mAcm−2, Fill Factor FF of 61.6%, and an

efficiency η of 22.9% (Table 1). Particularly, the ultrahigh efficiency under bifacial

illumination allows the Si-PEC cell to achieve efficient Hydrogen Evolution Reaction

(HER). In addition, with Jsc 62.1 mAcm−2 we reach the highest ever reported for

Si-PEC cells, harvesting a very high amount of electricity, suitable to activate effec-

tively the HER.

To further confirm the performance of Si-PEC cells, Internal Quantum Efficiency

(IQE) spectra have been calculated using External Quantum Efficiency (EQE) and

reflection spectra to exclude the light trapping effect. Figure 3.6(b) shows the IQE
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spectrum of Si-PEC cells under top, rear, and bifacial illumination. The IQE can

be expressed as IQE = EQE
1−R where R is the reflectivity shown in Figure 3.4(e)-(f).

According to top-side illumination, IQE is over than 90% within wavelength from

450 nm to 900 nm, showing excellent carriers generation and collection capability.

Pt can be originated from the enhanced electrical conduction and catalytic activity

simultaneously. On the other hand, the rear-side illumination shows low contrast.

This is because the light absorption is significantly dependent on the metal thickness

and its reflectivity, resulting in lower IQE. Si-PEC cell can be attributed to the ex-

cellent charge transfer of 5 nm Pt catalyst. In Figure 3.6(c) a comparison regarding

EQEs is presented, highlighting an excellent agreement between simulations (blue

continuous line) and experiments (lines with dots or crosses). This panel allows us to

further stress the very good performance achieved by our Si-PEC cell all along the

visible spectrum, showing efficiencies up to 90% on the top side. Figure 3.6d shows

the PEC performance of the Si-photoelectrode with 5nm Pt illuminated bifacially.

Under this condition, Si-photoelectrode achieves JH of 61.2 mAcm−2, giving rise to

a world record high efficiency of 18.22% among Si based photocathodes. A complete

characterization of the performance for the Si-photocathode is presented in Table 2.

Light Illumination Voc Jsc FF Efficiency

Surface [V ] [mAcm−2] [%] [%]

Top 0.56 39.36 68.76 14.14

Rear 0.54 27.80 63.60 9.72

Bifacial 0.57 62.10 61.60 22.90

Table 1. J-V characteristics of Si-PEC cells.
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Light Illumination Vos − Eo JH FF SHCE

Surface [V ] [mAcm−2] [%] [%]

Top Side 0.56 39.01 60.14 13.23

Rear Side 0.53 25.73 58.30 8.08

Bifacial 0.57 61.20 52.24 18.22

Table 2. Hydrogen evolution characteristics of Si-photoelectrode in 1 M H2SO4 elec-

trolyte illuminated with AM 1.5G. The onset potential was measured at 1 mAcm−2.

3.3 Conclusions

We developed an effective optimization process which relies on suitably disordered mi-

cro and nanostructures to be fabricated on the surfaces of the device at the interfaces

with water. This investigation involved a massive campaign of FDTD simulations to

determine the best geometrical parameters to characterize the disorder and the size

of the nanostructures. Thanks to these perfectly optimized surfaces we fabricated a

working Si-PEC cell which resulted to be very promising for water splitting appli-

cations. The characterization of the dry Si-PEC cell and of the Si-photoelectrode

presented in this work confirms world record performances both for the dry cell and

for the hydrogen generation, reaching efficiency of 90% and 18.22% respectively.

Given the recent progresses in fabrication techniques, harnessing complexity of micro

and nano structured materials is becoming reachable, and the crucial role of con-

trolling effectively the features of the disorder will represent a huge advantage, has

been extensively discussed. In this work we meant to define a new approach in the

structure optimization process, relying on a realistic, device-based model and on a

versatile and high resolution FDTD code. In addition we demonstrate how exploiting

complex micro and nano structured materials could lead to a considerable increase in
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the efficiency of the system, enforcing the importance of disorder as a key to develop

a new generation of high performances, eco-friendly and cost-effective water splitting

devices.

3.4 Methods

3.4.1 Micro-pyramids and micro-grooves fabrication process

Micro-pyramids and micro-grooves arrays are fabricated on top and rear sides of

the Silicon PEC cell (respectively), starting from 300µm thick n-type (100) Si wafer

(dopant concentration 5 1015cm−3) by electrodeless chemical wet etching in a solution

of potassium hydroxide (KOH, 45 vol.%) and isopropyl alcohol (IPA). 70 nm of n+

emitter layer (dopant concentration of 9 1019cm−3) was formed by thermal diffusion

process of POCl4 at 1000C on the rear side. 7 nm Platinum nanoparticles were

deposited on this surface via sputtering. 400 nm of p+ layer (dopant concentration of

3 1020cm−3) was fabricated on the top side of the cell by screen-printed Al annealed

at 500C.

3.4.2 Fabrication of Photocathodes

Si photocathodes were fabricated following reported procedures. Briefl y, the back

side of the Si substrates was fi rst scratched with a diamond scribe, and then a coiled

Cu wire was embedded in a Ga/In eutectic mixture (Aldrich) onto the scratched Si

surface, forming an Ohmic back contact. Silver paint (Ted Pella) was then used to

affi x the Cu wire. After drying, the Cu lead was passed into a 2 mm diameter

glass tube, and the Si electrode and Cu wire were then encased in Hysol 9460 epoxy.

Calibrated digital images and ImageJ were used to determine the geometrical area of

the exposed electrode surface defi ned by epoxy. Electrical connection were secured

with silver paint. The sample was packed for the experiments with a thin glass layer
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on the top side and with epoxy all around the rear side in a way to leave the surfaces

transparent to light. This particular package procedure was adopted in order to

perform the measurements of efficiency on both sides.

3.4.3 Photoelectrochemical measurements

A three-electrode configuration was used to obtain all the electrochemical measure-

ments on the Si-photoelectrode and the results were recorded by a Metrohm Autolab

potentiostat. Measurements were performed in an acidic solution with 1M H2SO4

as electrolyte. The reference electrode was constituted by Ag/AgCl and a Pt foil

was used as a counter electrode, while the working electrode was directly connected

to the Si-based photoelectrode through a copper rod/string. Calibration measure-

ment against the RHE were carried on using a Platinum foil as both the working and

counter electrodes to allow potentials for Hydrogen/Oxygen evolution to be referenced

against RHE. Linear sweep were measured from +1V to −1V. AM 1.5G illumination

was achieved with a 150 W halogen-lamp-based solar simulator using an AM 1.5G

filter.
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Chapter 4

Electrons generated metasurfaces with tunable refractive

index and losses for broadband light control at the

nanometer scale

4.1 Introduction

Metasurfaces are engineered structures for controlling light in different applications

including wavefront shaping [151, 152, 153, 154, 155], structural coloration [35, 156,

157, 158, 159, 160, 161, 44, 162, 163, 41, 43, 42, 164, 40, 165], hyperbolic struc-

tures [166], bio-imaging [167] and lensing [168, 169, 170, 171, 172]. Metastructures

are typically realized by engineering subwavelength patterns of different shapes in

metal and/or dielectric heterostructures. The smaller the size of the pattern, the

better the resolution and the controllability of the material response over a larger

frequency bandwidth. This scaling trend is visually illustrated in Figure 4.1a, which

summarizes the main results published in the last few years along different lines of

research.

Plasmonics currently supports structures with the smallest footprint, but in highly

absorbing structures that are not transparent [173]. Creating transparent materials

providing similar —or better— performances is now at the center of huge research

efforts [174]. If these media could be made available, we could create platforms that

control broadband light from transparent structures with dense optical circuitry pos-

sessing nanoscale —or smaller— footprints.

In this article we explore a strategy that takes advantage of electrons interactions
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with sensitive transparent media. The study of these interactions is well know for

electron beam lithography (EBL) purposes [175] but, up to recent days, they have

been exploited only to obtain high resolution binary patterns used as a mask for

subsequent etching or deposition processes[176].

Our study shows that by using electrons of energy E = 50 keV with different 3D

patterns and doses on an transparent photosensitive medium, it is possible to create

a new class of metastructures in which the desired material response in the entire vis-

ible range is “printed” point-to-point by the beam. Experiments confirmed by theory

demonstrate that both the real and imaginary part of the refractive index are easily

controlled in circuits with footprints of 20 nanometer (Fig. 4.1a).

We illustrated an application of this technology in structural coloration, a topic of

large contemporary interest for the many possible applications in smart fabrics, high



84

resolution ink-free color printing, anti-counterfeiting technologies and adaptive cam-

ouflage materials [35, 156, 157, 158, 159, 160, 161, 44, 162, 163, 41, 43, 42, 164, 40, 165].

The state of the art with the highest resolution is represented by heterostructures

composed by polymers covered by aluminum or germanium [43] and by plasmonic

metasurfaces with gold-aluminum nanostructures of 50− 140 nm size [163, 41] (Fig.

4.1a, dark blue rectangle). These structures achieve a maximum resolution of 127000

DPI, with a limited chromaticity spectrum ranging from blue to yellow. Images with

complete chromaticity have been realized with Si/Si3N4/Si heterostructures, reporting

a resolution of 40000 DPI on an area of 300 µm x 200 µm size [177]. Our experiments

demonstrate that these metastructures can generate the full chromaticity spectrum

including cyan, magenta, yellow, black (CMYK) colors with resolution up to 254000

DPI, printing large scale images on 280 µm x 196 µm from a single transparent layer

at an average resolution of 100000 DPI without the use of dyes, pigments or metals.

4.2 Results

Figure 4.1b-e illustrates the general process for the realization of the metasurface. A

thin film of photosensitive material is initially deposited on top of a flat silicon reflec-

tor and then irradiated with electrons with different e-beam doses and 3D patterns.

In the area where the beam is focused, the material changes its molecular structure

and become soluble by alcohol solutions (see Methods), creating a 3D pattern of air

holes as in a conventional e-beam photolithography (Fig. 4.1c). In the remaining

volume, scattered electrons at lower intensity provide a weaker light-matter interac-

tion that modifies the resonant atomic transitions of the electronic structure of the

material (Fig. 4.1d). This process results in an platform with two degrees of freedom,

irradiation patterns and doses, to controllably write a distribution of refractive index

n(r, ω) and extinction coefficient k(r, ω) on the material, with the spatial accuracy of

sub-Angstrom wavelengths (Fig. 4.1e).
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The transparent material used in this study is Poly-Methyl-Methacrylate (PMMA),

which is a widely employed photoresists. The E-Beam lithography station is a Crestec

CABL-9520C, which is an advanced e-beam nanofabrication facility (see Methods).

In the first experiment we characterize the response of these metasurfaces created with

the three dimensional patterns of Fig. 4.2a. These consist of random distributions of

nanodisks, each of radius r and thickness d ranging from 50 nm to 300 nm, arranged

in disordered configurations over an area of 20 µm x 20 µm. Different patterns are

generated fixing the radius to r = 40 nm and changing the filling fraction fv = r/a0,

with a0 the mean distance between the centers of two nanodisks (i.e., the pitch).

The dose D of the electron beam is expressed through:

D =
te · I
A

, (4.1)

with te the exposure time, I is the e-beam current and A is the exposed area. In

our experiments we controlled the electron beam dose by changing the exposure time

te ∈ [0.1µs, 2µs] at a fixed current density I/A (see Methods).

After the exposure, we characterize the generated metasurface by reflectivity mea-

surements at normal incidence (see Methods). Resulting spectra are illustrated in

Fig. 4.2b-c. In these figures, the color of each spectra shows the chromaticity visually

observed in the generated metasurface. Figure 4.2d summarize the chromaticity in a

CIE 1976 diagram.

The generated metasurfaces are able to create the full CMYK system of colors, with

colors spanning from green to black with the exposure increasing from te = 0.1 µs

to te = 2.0 µs (Fig. 4.2b) and from blue to yellow when the filling fraction increases

from fv = 0.125 to fv = 0.375 (Fig. 4.2c). Representative chromaticity ranging from

green to blue via pink, red, violet and black completes a closed circle around the white
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structural colors. (a) Sketch of fabricated sample with air nanodisks of radius r,
filling fraction fv and depth d. (b), (c) Experimentally measured reflectivity spectra
at normal incidence for (b) increasing the exposure time from 0.1 µs to 2.1 µs and
(c) increasing filling fraction of air holes between 0.125 nm - 0.375 nm. The color of
each spectrum represents the visual appearence of the metasurface. (d) Chromaticity
diagram of the generated colors (yellow dot dashed line), with insets showing images
of experimental samples. (e-o) Colors printed on 20µm by 20µm squares at increasing
resolution, from 101600 to a maximum of 254000.
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Figure 4.3: Theoretical analysis through FDTD and effective refractive
index simulations. (a)-(d), Comparison between reflectivity spectra related to
different exposure times obtained experimentally (red dotted lines) and with FDTD
(solid blue lines). (e), Chromaticity diagram resulting from experiments (blue circles),
FDTD (red triangles) and Maxwell-Garnett theory (light blue squares).

point (Fig. 4.2d). These metasurfaces are also able to create the red color, which

is traditionally challenging to obtain with structures and usually obtained with dyes

and pigments [178]. This surface is also capable to obtain black color, despite the

original transparency of the PMMA.

To ascertain the resolution achievable by these metasurfaces, we performed experi-

ments by fabricating 20 µm x 20 µm squares samples with constant exposure time,

different radius r and filling fraction fv, starting from nanodisks with r = 200 nm

and fv = 0.8 and decreasing to nanodisks with r = 10 nm and fv = 0.1 (Fig. 4.2e-o).

The corresponding resolution is expressed in terms of number of dots per inch (DPI),

calculated from the average distance between the center of two neighboring nanodisks

(the pitch).
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These experiments demonstrate that this technique can generate different colors

with resolutions as high as 2540000 DPI, corresponding to a pitch of 100 nm obtained

by a radius of r = 10 nm and a filling fraction of fv = 0.1. The resolution can be

further increased by reducing the radius r. This possibility is not investigated here

as the value of r = 10 nm is the minimum resolution of the EBL station used in this

work.

To theoretically demonstrate the generation of structural colors on the metasurface,

we begin by showing that the results of Fig. 4.2 cannot be generated by the Si/PMMA

structure in which the PMMA maintains its original optical response. In Figure 4.4

we perform a campaign of dispersive Finite Difference Time Domain (FDTD) simu-

lations [179, 21] comparing the spectra predicted by FDTD against the experiments

of Fig. 4.2b, which comprise the largest variation of colors. Theoretical spectra

are calculated by employing the experimental refractive index of Silicon and PMMA

and the patterns of air inclusions experimentally generated in these structures. The

increasing dose of the electron beam is simulated by increasing the depth d of the

patterns (Figure 4.4a-d, insets) from d = 0 (no PMMA is removed) to d = 350 nm

(all PMMA is removed inside the nanodisks). Figure 4.4a shows that this modeling

correctly reproduces the material response when the PMMA is irradiated by short

exposure times. Once higher doses are employed to interact with the photosensitive

layer, FDTD spectra and actual measurements become completely different (Figure

4.4b-d).

A further demonstration that the response of Fig. 4.2b cannot be generated from

the original materials is obtained via Maxwell-Garnett models [180], in which the

effective dielectric constant of the medium is expressed as: εeff = εm
2δi(εi−εm)+εi+2εm
2εm+εi−δi(εi−εm)

,

where εm is the the electric permittivity of the PMMA, εi = 1 and δi is the volume

fraction of the air inclusions. The Maxwell-Garnett model allowed us to explore all

the geometrical configurations that are described by a fixed volume ratio air/PMMA,
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while keeping the material dielectric constants and the thickness of the medium fixed,

in this case d = 350 nm. By varying the parameter δi from 0 to 1 we then investi-

gated all the possible volume fractions of air inclusions in PMMA, thus accounting

for the whole landscape of 3D surfaces that can be fabricated. Figure 4.4e compares

these predictions (light blue squares) with FDTD results (red triangles) and experi-

ments (blue circles and yellow dashed dotted line). This analysis shows that FDTD

and Maxwell-Garnett models are consistent (FDTD spectra moves along the curve

predicted by Maxwell-Garnett) and shows that both models cannot explain the exper-

imental outcomes. Different effective thicknesses d of PMMA have been considered

in the Maxwell-Garnett approximation to verify the solidity of our study, taking into

account potential fluctuation in the thickness of PMMA deposited by spin-coating

(Figure 4.4a-d). We varied d from 100 nm (Figure 4.4a) to 300 nm (Figure 4.4d), and

considered all the possible chromaticity generated by varying the fraction of the air

inclusions. In all of the considered cases the predictions are unable to reproduce the

experiments.

This analysis shows that the experimental results are generated from a complex

modification of the PMMA layer, in which the material modifies its response as a

function of the dose applied. To study this process, we used an effective medium

approach based on a simple quantum model arising from linear response theory

[181]. For an isotropic medium, the real and imaginary part of the refractive in-

dex n(r, ω) + ik(r, ω) =
√

1 + χ(r, ω) are defined through the linear susceptibility

χ(r, ω) = χr(r, ω) + iχi(r, ω) resulting from electronic transitions between a ground

state |0〉 and |1〉,|2〉, ..., |N〉 excited states:

χ(r, ω) =
2ρ0

3ε0~

N∑
n=1

|µn0|2
(

1

ωn0 − ω − iγn0

+
1

ωn0 + ω + iγn0

)
(4.2)
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Figure 4.4: Maxwell-Garnett simulations Chromaticity resulting from Maxwell-
Garnett theory with different effective thicknesses d of PMMA (light blue squares),
compared against experimental data (blue circles). (a) d=100nm, (b) d=150nm, (c)
d=250nm, (d) d=300nm.
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Figure 4.5: Theoretical analysis. (a) Sketch of the analyzed system composed by a
Si substrate with on top a PMMA layer characterized by a single electronic transition
with tunable resonant frequency ω10 and damping γ10. The latter are numerically
calculated from experimental reflectivity spectra at normal incidence. (c) Plot of
ω10 and γ10 versus e-beam dose and (d) resulting dispersion curve of refractive index
n(ω) and extinction coefficient k(ω). The increased exposure time is represented with
an increasing thickness of the lines representing the index n and extinction k. (e-f)
Comparison between experimental spectra (red markers) and theoretical predictions
(blue line) from Eq. 4.2.

with ρ0 the atomic number density, ~ωn0 = En − E0 the energy level difference, γn0

damping rates and µn0 = 〈n|µ|0〉 the strength of the electric dipole moment µ = −er

for the 0→ n transition. To characterize the spectra of Fig. 4.2, we assume that each

irradiated area responds as a material with refractive index n and extinction coefficient

k following from Eq. (4.2), in which resonant transitions ωn0, damping factors γn0

and oscillator strengths fn0 = 2mωn0|µn0|2
3~e2 are modified by electron radiation.

As the PMMA is a transparent dielectric structure, we assume the existence of

a single transition (N=1) in the deep UV region (Fig. 4.5a-b) that influences the

material response in the visible and near infrared [181]. This model well represents
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the experimental response of the PMMA in the entire visible range (Fig. 4.5c, cir-

cle markers). The values of the coefficients ω10, γ10 and f10 when the material is

irradiated are found by fitting the reflectivity spectra at normal incidence, using the

experimental dispersion curve of Si available in the literature (see Methods). The

result of this analysis matched very well the acquired spectra (Fig. 4.5d-g), showing

that the measured response originates from a PMMA layer in which both the resonant

frequency ω10 and the damping factor γ10 are independently changed with complex

modulations patterns at increasing electrons exposure times (Fig. 4.5h). Figure 4.5c

illustrates in details the effects of these changes on the response of the metasurface.

The structure becomes ultra-transparent, with refractive index below 1.2, while in-

creasing its absorption capabilities, thus being able to generate the entire spectrum

of visible colors, including the black.

Figure 4.6a-l illustrates different printing applications with electrons-fabricated

metasurfaces. In these images, we varied exposure time, filling fraction and radius of

the nanodisks in different portions of the designs in order to obtain different colors,

spanning from magenta to black in the background of the greek letter α design (Fig.

4.6a-d), and from cyan to orange inside the letter β (Fig. 4.6g-l). Scanning electron

microscope (SEM) images of Fig. 4.6d,g show the different nanoscale patterns that,

combined with different exposure times, generate different colors. The patterns follow

sharply the profile of the printed shapes from the array of nanodisks with very high

resolution.

This is further illustrated in Fig. 4.6k-n, which show the word “light” using the

four basic colors Cyan (Fig. 4.6k), Magenta (Fig. 4.6l), Yellow (Fig. 4.6m) and

Black (Fig. 4.6n) and different languages (Latin, Arabic, Japanese and Chinese)

printed at different resolutions: 127000 DPI (Japanese), 55580 DPI (Latin), 36290

DPI (Chinese), and 84670 DPI (Arab). Figure 4.7 shows nanoprinting representation
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Figure 4.6: Nanoprinting of different text. Top view images of the letters α
(a-d) and β (f-j) with different colors and backgrounds obtained with a filling fraction
fv = 0.075 (letter) and fv = 0.250 (background) in (a-d), and fv = 0.3 (letter) and
fv = 0.175 (background) in (g-j). Different colors are obtained at different exposure
times: (a),(g) at t = 2µs, (b),(h) at t = 1µs, and (c),(d),(i),(l) at t = 0.2µs. (e),(f)
SEM details of panels (d) and (g), respectively. (k-n) Top view images of the word
“light” written in different languages (English, Arabic, Japanese and Chinese) and
with the basic CYMK colors on a green background. Scale bar is 25 µm.
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Figure 4.7: Large scale nanoprinting. (a), Reproduction of the painting “La
Danse” by Matisse with an average resolution of 100000 DPI and a maximum resolu-
tion of 119250 DPI. (b),(c) Optical microscope magnification of the fabricated sample
with 40x objective. (d-f) SEM images of the sample.

of the painting by Matisse “La Danse”, on a large scale size of 280 µm x 196 µm.

SEM analysis of different portions of the image are presented in (Fig.4.7d-e). We used

different number of DPI for the different artistic elements present in the painting,

according to the overall distribution of colors and the chromaticity we wanted to

reproduce, with an average of 100000 DPI and a maximum of 119250 DPI in the

brown areas. The image is printed from a single layer of PMMA.

4.3 Conclusion

We have discussed a new family of metasurfaces generated by an electron beam. The

approach leverages on the sub-Angstrom scale interaction of electrons with a sensitive
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material to controllably write, point-by-point, a desired optical response in transpar-

ent photosensitive materials. We discussed this approach with reference to structural

coloration, by using an inexpensive transparent layer of PMMA, demonstrating broad-

band control of light via the generation of all the colors present in the visible spectrum,

including the basic Cyan, Magenta, Yellow and Black, of the CMYK system. Due to

a strongly light-matter interaction taking place at sub-Angstrom scales, we demon-

strate that this technique can reach very high resolutions up to 254000 DPI, and

large scale nanoprinting with high quality and vivid images, with sharp contours and

homogenous colors. This technique does not involve the use of expensive metals but

it relies on a cost-effective, inexpesive platform composed only by a dielectric back-

reflector and a transparent layer of PMMA, which is a very common photosensitive

material. This approach can be generalized to the creation of new metasurfaces for

different applications that require broadband control of light with dense nanometer

optical circuits.

4.4 Methods

4.4.1 Metasurface nanofabrication

A layer of 350 nm thick of PMMA 950 A4 (MicroChem) was spin-coated onto 1.5 cm

by 1.5 cm Silicon substrates. To allow the solvent to evaporate, samples were subse-

quently baked at 180°C for 180 seconds. The irradiation patterns were computer-

generated in GDSII with Matlab. The fabrication process was performed using

Crestec CABL-9520C (http : //www.crestec8.co.jp/index) system with an accel-

erating voltage of 50 kV and a current of 500 pA. The writing field was set to 600

µm x 600 µm and 40000 dots to obtain a final resolution of 10 nm. Electron beam

dose was varied by controlling the exposure time, ranging from 0.1 µs to 2 µs and no

proximity effect correction was performed for the exposure. Samples were developed

in a solution of Methyl isobutyl ketone and isopropyl alcohol (MIBK:IPA 1:1) for 30
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seconds and then immersed in DI-water for 30 seconds to remove the soluble PMMA

area. The samples were then blow-dried under a steady stream of N2.

4.4.2 Reflectivity measurements

We performed normal incidence reflectivity spectra by using NanoSpec 6100 Reflec-

tometer (Nanometrics). Reflected light was collected with two different magnification

objectives, 10x and 20x to ensure a two-step control of the consistency of the mea-

surements.

4.4.3 FDTD Simulations

Simulations were carried out by using our in-house FDTD code NANOCPP. We inves-

tigated a geometry composed by a Silicon back reflector with a 350 nm layer of PMMA

deposited on top. This last was patterned with an array of disordered holes, replicated

directly from the design used as a mask for the nanofabrication. Simulations were

implemented with different radius, filling fractions and doses to obtain reflectivity

spectra consistent with the ones collected experimentally. In the simulations we used

the dispersion curves of the materials from data available in the literature in the visible

and near infrared spectral range (E.D. Palik, Handbook of optical constants of solids, V ol. 3,

Academic press,1998).

4.4.4 Fitting of reflectivity spectra

The normal reflectivity spectrum R(λ) of a layer an interface Air/PMMA/Silicon was

obtained from multilayer theory and read as follows:

R(λ) =
(1− nSi)2 cos2 2πd

λ
+
(
nSi

neff
− neff

)2

sin2 2πd
λ

(1 + nSi)
2 cos2 2πd

λ
+
(
nSi

neff
+ neff

)2

sin2 2πd
λ

(4.3)
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with nSi(λ) the refractive index of Si and d, neff(λ) the thickness and refractive

index of the PMMA layer, respectively. In our fitting procedure we employed the

experimental available index of Si and neff =
√

1 + χeff as a fitting parameter by

using a two poles model with one resonance:

χeff(ω) =
2ρ0

3ε0~
|µ10|2

(
1

ω10 − ω − iγ10

+
1

ω10 + ω + iγ10

)
, (4.4)

with parameters ω10, γ10 and a = 2ρ0

3ε0~ |µ10|2 found by a swarm optimization routine.
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Concluding Remarks

By presenting this Thesis, I meant to outline part of the main results I have obtained

in the investigation of complex light interactions with disordered metamaterials during

my Ph.D. studies. With the advices of my Principal Investigator Andrea Fratalocchi

and the precious help of the members of my group, I could be able to study the effects

induced by disorder and complexity in micro/nanoscale systems, both theoretically

and experimentally.

In particular, I have been working on the development of the theoretical model and

on the FDTD simulations regarding the network material for absorption enhancement

in ultra-thin solar cells. I also conducted a massive campaign of ab-initio simulations

for optimizing the anti-reflecting metasurface for PEC devices, as well as providing

theoretical and experimental evidence of the optimal geometrical parameters for the

disordered Silicon surface for hydrogen catalyst deposition. I took part, as well, to the

preparation of the experimental device and to the measurements of efficiency. In ad-

dition, I have been conducting experiments to enhance solar-to-hydrogen generation

through the study of suitable disordered nanostructured photocatalysts, my compe-

tences covering both the fabrication of the structures through electroplating, catalyst

deposition and device testing. Finally, I have been working, in collaboration with one

of my colleague, to the all-dielectric metamaterials for structural colors from the opti-

mization of the fabrication process to the development of the theoretical model (still

under investigation), as well as numerical simulations and optical characterization of

the samples.

Concerning the further developments of the hereby discussed projects, in the next

year I will focus on the following topics:
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• Complex network materials for energy harvesting and water desali-

nation purposes

We are currently testing the effect of different type of disordered micro/nanos-

tructured materials to achieve a bias-free water splitting through photocatalysis.

Meantime, we are optimizing the choice of the catalyst and co-catalyst to en-

hance the performance of the metamaterials under investigation. Beside, we

expect our approach to be successful to overcome the present limit of efficiency

of these devices. In addition, we are investigating the performances of complex

network materials as absorber layers in water desalination devices, as well as

developing a strategy to exploit the strong thermic gradient present in these

systems to produce electricity.

• Intelligent Epsilon Near Zero network materials

We are completing the writing of the main theoretical article involving the com-

plete theoretical formulation of the model and characterization of Intelligent

ENZ network based metamaterials. Beside, we are about to close the experi-

ments involving different high impact applications for these materials, ranging

from micro-printing to broadband reflective holography and biocompatible sub-

strate for high resolution optical imaging of both inorganic and organic matter.
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R. Spolenak, A. Fratalocchi, and F. Capasso, “Scalable, ultra-resistant struc-



104

tural colors based on network metamaterials,” Light: Science & Applications,

vol. 6, no. 5, p. e16233, 2017.

[45] D. C. Oertel, M. G. Bawendi, A. C. Arango, and V. Bulović, “Photodetec-
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